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ABSTRACT
RING-OPENING METATHESIS POLYMERIZATION OF ORGANIC-INORGANK
'
THERMOSETS AND PROCESSABLE SHAPEl^^^g^
SEPTEMBER 2004
GREGORY S. CONSTABLE, B.S., SHIPPENSBURG UNIVERSITY
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professors E. Bryan Coughlin and Alan J. Lesser
The development of functional group tolerant ruthenium based ring-opening
metathesis polymerization (ROMP) catalysts allows for the synthesis of a broad range of
cyclic olefin based polymers. Highly robust ruthenium carbene catalysts allow for the
ROMP of novel polymers at ambient conditions, that were not possible by previous
organometallic catalysis. This research investigated the synthesis of crosslinked
polyolefins by ROMP using ruthenium carbene catalysts. Specifically,
polydicyclopentadiene (PDCPD) organic-inorganic copolymers were synthesized. An
ultrasonic spectroscopy technique was utilized to quantify the reaction kinetics of the
ROMP of dicyclopentadiene (DCPD) catalyzed by two different ruthenium catalysts. A
reaction cell that held the reactants in a plane strain geometry, allowed the changes in
density, acoustic velocity, acoustic modulus, and waveform attenuation to be accurately
measured. It was determined that kinetic data for the crosslinking reaction could be
calculated from the ultrasonic spectroscopy data. With the ability to measure the
crosslinking kinetics of PDCPD homopolymer, PDCPD nanocompositcs were prepared
by copolymcrization of DCPD and polyhedral oligomeric silscsquioxanes (POSS). The
vii
affects of the POSS functionality and the organic periphery on morphology were
investigated. It was found that both the organic periphery and functionality of POSS
could affect the morphology of the copolymer. Additionally, the affects of POSS
functionality, on the physical and mechanical properties of the copolymer were evaluated.
The thermal transitions and mechanical properties of the POSS copolymers decreased
regardless of POSS functionality. Therefore, POSS acts much like a plasticizer in
conventional thermosets. Additionally, POSS was found to decrease the dielectric
constant of the copolymer. The dielectric constant could be further decreased by
selectively degrading POSS from the matrix. A final aspect of the project utilized the
catalysts' functional group tolerance to synthesize polymers containing reversible or
physical crosslinks. These polymers possess the inherent shape memory characteristics of
chemically crosslinked shape memory polymers and the processability of thermoplastics.
Overall, this research advances our understanding of the utility of ruthenium catalyzed
ROMP in thermoset polymerization through the creation of novel materials.
viii
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CHAPTER I
INTRODUCTION
I.I Olefin Metathesis
Nissism Calderon was the first to use the term 'Olefin Metathesis' to describe
an exchange reaction between two olefins. Specifically, Calderon realized that both
Cyclooctene polymerization and 2-penlene disproportionate,! were brought about by the
same chemical reaction with tungsten hexachloride and ethylaluminum dichloride
ethanol. Since then, olefin metathesis has come to refer to a famil> of reactions
which there is an interchange of carbon atoms between a pair of double bonds. The
reaction mechanism depends on the nature of the carbon-carbon double bonds in the
reactants. As shown in Figure 1.1, four distinct reactions arc possible: 1 ) cross
metathesis (CM) or exchange between substituted double bonds forming an unsaturated
organic molecule and ethylene, 2) ring-closing metathesis (RCM) in which a dienc is
closed forming a cyclic olefin and ethylene, 3) ring-opening metathesis polymerization
(ROMP) in which a cycloolefm is opened to the linear polyene, and 4) acyclic dienc
metathesis polymerization (ADMET) in which a dienc with terminal double bonds is
polymerized by cross metathesis.' The mechanistic variability of olefin metathesis
makes it an attractive method of carbon-carbon bond formation.
I
Figure 1 .
1
Olefin metathesis reactions possible with organometallic catalysis.
1.1.1 Development of Well-Defined Olefin Metathesis Catalysis
.
Until recently, the catalysts used for olefin metathesis have been based on metal
oxides or metal chlorides, such as tungsten, molybdenum, titanium, and ruthenium, each
with an alkyl aluminum cocatalysts, such as ethyl aluminum dichloride,
triethylaluminum, and triphenylaluminum. 1 An oxygen-containing promoter, such as
ethanol. phenol, or oxygen is normally required. These catalytic systems are ill-defined
and an understanding of the reactive species and stereoselectivity is limited. There is
general agreement that the initiating species for olefin metathesis is a reactive metal
carbene. Yet. the mechanism is ill-defined and the required alkylating agent lowers
functional group tolerance and limits the diversity of the reaction. Therefore, most of
the pioneering work on olefin metathesis is strictly based on the metathesis of
hydrocarbons.
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The desire to understand the reaction mechanism and to polymerize
functionalized olefins has lead to the synthesis of well-defined metal alkylidenes. Great
strides have been made in recent years with the development of Schrock's 2,6-
diisopropylphenylimido neophylidenemolybdenum (VI) complexes and Grubbs*
2
benzylidene ruthenium (IV) complexes, Figure 1 .2.5 <6 Both catalysts are active towards
olefin metathesis without additional cocatalyst. While the molybdenum catalyst has a
higher reaction rate than the original ruthenium complex, the ruthenium catalyst has
greater functional group, air, and moisture tolerance. Since 1998 a number of ligands
have been substituted on the ruthenium atom to increase the rate of metathesis and to
expand the synthetic diversity of the catalyst.
Further strides have been made in ruthenium catalyzed metathesis since the first
ruthenium alkylidene catalyst, bis(triphenylphosphine) diphenylpropylidene ruthenium
dichloride, was synthesized, Figure 1 .3, GO.
7
This catalyst exhibited low activity and
would only polymerize highly strained olefins such as norbornene. Through systematic
studies of the RCM of diethyl diallyl malonate catalyzed by GO substituted with
different phosphine and halogen ligands, it was confirmed that the reaction mechanism
was dominated by the dissociation of a phosphine ligand, leading to an electron
deficient metallocyclobutane intermediate. 8 The minor associative catalytic pathway
could be exacerbated by adding excess phosphine to the reaction mixture. Additionally
these studies shed some insight on the effects of the ligand sphere on catalysts activity.
When smaller and more electron withdrawing halogens and larger and more electron
donating phosphines are present, higher catalyst activity is observed. The smaller more
electron withdrawing halogens stabilize the ruthenium olefin complex, while bulkier
phosphines favor dissociation to release steric crowding. The remaining electron
donating phosphine ligand acts to stabilize the 14-electron vacant coordination site
complex and the 14-electron metallocyclobutane. Therefore, by substituting the
triphenylphosphine ligands with more basic and bulkier tricyclohexylphosphines, the
reactivity of the catalyst towards ROMP is greatly increased." Although variation of the
phosphinc ligands is easily achieved by a ligand exchange reaction, variation of the
alkylidene moiety is nonlrivial because of the multi-step synthesis of substituted
cyclopropenes. Figure 1 .2A. An alternative synthetic methodology was developed using
the more easily attained dia/oalkanes. Figure 1.2B. 10 The new synthetic methodology
allowed for the synthesis of ruthenium alkylidenes by alkylidene transfer from the
diazdalkane.
-PPh3 R
ni 2ci 2
>D1
78 °C CI/,,
1 1 11
RuCl2(PPh3 )3 + II \'
H R -PPh3 /I ^R
.n2
cr pph3
Figure 1 .2. Synthetic routes to ruthenium alkylidene catalysts using substituted
cyclopropene (scheme A) or dia/oalkanes (scheme B) as alkylidene sources, R is a
variable organic group.
The new synthetic procedure allowed for a range of catalysts to be prepared. A
systematic study of the affects of the alkylidene structure on reaction rale and functional
group tolerance has been preformed. The benzylidene catalyst was found to have the
highest reaction rate and greatest functional group tolerance. Figure 1.3, (J. 10
Metathetical studies with (il gave great insights into the mechanism of cross
metathesis. RCM, and ROMP. In terms of ROMP, the increased initiation rate gave
narrower molecular weight distributions and increased metathetical activity towards
electronically deactivated olefins. In a subsequent generation of the catalysts one of the
I
phosphine ligands was replaced with l,3-dimesitylimidazolidine-2-ylidene, Figure 1.3
G2. 1
1
This substitution increased the reaction rate and the activity of the catalyst
remarkably. But, the initiation rate was still slower than the rate of propagation,
yielding polydispers products. In the latest generation of the catalysts the remaining
phosphine of G2 was replaced with two 3-bromopyridine ligands. Figure 1 .3. G3. 12
This substitution increased the rate of initiation to be commensurate with the rate of
propagation, producing polymers with controlled molecular weights and narrow
polydispersities (PDI ~ 1.06). These advances in metathesis catalysis have made it
possible to synthesize a range of polymers with functionality and molecular weight
control that previously were not possible via organometallic catalysis.
r ,
PPh 3 {~~S PCy 3 . / f—\ S . Mes—N N—Mes
Bi'
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GO CI G2 G3
Figure 1.3 Four generations of Grubbs' ruthenium carbene catalysts in chronological
order of discovery.
1.1.2 Metathesis Polymerizations
The polymerization mechanisms made possible by these catalysts include ring-
opening metathesis polymerization (ROMP), acyclic diene metathesis polymerization
(ADM FT), and ring-opening insertion metathesis polymerization (ROIMP). These
methods allow for synthesis of novel functionalized polymers, polymers with controlled
molecular weight and PDF and polymer architectures that were not possible with
previous organometallic catalysts systems. Specifically, these catalysts allow for
5
polymerization ofnumerous functionalized olefins, such as ethers, esters, imides, and
alcohols.
6 By tuning the reactivity of each comonomer. statistical polymers can be
produced, such as poly(cyclooctene-a//-A'-ethyl-7-oxonorbornene dicarboximide),
Figure 1 .4A. 13 The alternating composition is attained because ofthe higher reactivity
and the additional steric bulk of the oxonorbornene monomer versus cyclooctene.
Additionally, G2 allows for synthesis of alternating polymers via ROIMP, a combined
ROMP and cross metathesis strategy. 14 For example, polycyclooctene can be
polymerized and the unsaturates in the backbone can be modified by cross metathesis
with a diacrylate. A high degree of alternation is attained because of the formation of
the thermodynamically favorable 1 ,2-disubstituted (^-unsaturated carbonyl and the low
stability of an enoic carbene, Figure 1 .4B. In addition, block copolymers can be
synthesized. By addition of a 1 ,4-difunctional 2-butene chain transfer agent, such as
l,4-dibromo-2-butene, telechelic polymers can be synthesized, Figure 1 AC. In this
example, the bromide endgroups can be utilized in atom transfer radical polymerization
(ATRP) to produce triblock copolymers." With the discovery of catalyst G3. it is now
possible to synthesize polymers with controlled molecular weight and low
polydispersities. This catalyst allows for the ROMP of polymers w ith similar
morphological control only found with polymers prepared by anionic or controlled free-
radical polymerizations. Finally, Gl has been shown to function as a hydrogenation
catalyst to reduce the residual backbone unsaturations of polymer prepared by ROMP. 16
By simply exposing the ROMP reaction mixture to moderate hydrogen pressure and
reaction temperature, it is possible to fully hydrogenate the polymer. These
6
polymerizations show some insight into the robustness of the ruth
catalyst and the breadth of its utility in polymer chemistry.
eniuni metathesis
A
O
( ' Hi-
ii
Figure 1
.4 Various polymer compositions and architectures synthesized with ruthenium
carbene catalysts.
1.2 Dicyclopentadiene Thermosets
Polydicyclopentadiene (PDCPD) is a commercially important polymer thermosel
prepared by KOMI'. PDCPD is a thermosel with high modulus, impact strength, and
chemical resistance. 17 PDCPD Is attractive not only for its physical and mechanical
properties, but also lor its ease of fabrication. Polymerization ofDCPD with metathesis
catalysts is performed using reaction injection molding (RIM) techniques to
manufacture snowmobile and boat housings, chlorine cell covers, and waste water
• IS i •
treatment equipment. ' Polydicyclopentadiene has traditionally been polymerized by
extruding a mixture ofDCPD and TiCLi with a mixture of D( !P1 ) and AI((M 1 5)3 Into a
mold and heating to high-temperature to initiate K( )MI\ Figure I .>. The R( )MI >
chemistry ofDCPD forms a crosslinked article in a matter of minutes at which point it
Can be removed from the mold and post enred.
1
' !)( !PD is often used as the matrix
7
material in fiber reinforced and rubber toughened composites. 20
"22
To manufacture fiber
reinforced PDCPD composites, fiber mats, such as glass, carbon, or aramid fibers, are
impregnated, under pressure, with a mixture of DCPD and ROMP catalyst and then
heated to initiate polymerization. 21 For example, rubber toughened PDCPD synthesized
with 2-5 wt % poly(styrene-/>-butadiene) block copolymer generally increases the
notched Izod impact resistance from 50 J m" 1 to 400 - 700 J m" 1 . 22 This study also
found that at faster polymerization rates, articles with smaller rubber particles were
formed, increasing the materials toughness. It was concluded that agglomeration of the
rubber particles is prevented at higher polymerization rates, relative to the rate of ph;iase
separation. Additionally, additives, such as trifluoromethane sulfonic anhydride and
peroxides, are incorporated to increase heat resistance and the glass transition
temperature (Tg ).
23 24
\ + TiCI 4 >
A
\ + A1C1 3
DCPD
Figure 1 .5 Polymerization of dicyclopentadiene thermosets by reaction injection
molding.
One major drawback of the catalysts system employed in the synthesis of
PDCPD articles is the requirement for strict anhydrous and anaerobic reaction
conditions. Comparatively, high-temperatures, anaerobic, and anhydrous conditions are
not necessary for full conversion with the ruthenium catalysts. The ruthenium carbene
catalysts allow PDCPD articles to be manufactured with fillers or additives that are not
8
compatible with other organometallic catalyst system. Therefore, ruthenium catalyzed
DCPD polymerization has gained much attention by industry and academia in recent
years.
25
1.2.1 Dicyclopentadiene Polymerization Kinetics
The conditions for DCPD polymerization with Gl are ideal for production of
RIM articles. To efficiently use Gl in a DCPD RIM process, the polymerization
kinetics must be understood. But, characterization of thermoset polymerization kinetics
is nontrivial. Common solution methods ofpolymer analysis, such as size exclusion
chromatography, are not possible. One commonly used method to monitor the cure of
thermosets is differential scanning calorimetry (DSC). 26 DSC has been used to study
the curing of polyester and epoxy resins by correlating the accumulated exotherm to
conversion and reaction rate. However, there are a number of limitations to this
technique. The heat capacity, density, and heat of reaction must remain constant during
the reaction and the heat of reaction for all transformations must be equal. The ROMP
of DCPD does not satisfy these assumptions. First, the density increases from 0.977 to
1 .03 g cm" on conversion to polymer. Also, initial polymerization of DCPD occurs
through the more strained norbornenyl double bond while crosslinking occurs at a
slower rate through the less strained cyclopentyl double bond. A third possible reaction
in the ROMP of DCPD is the cross metathesis with unsaturations in the polymer chains,
contributing slightly to the overall heat of reaction, but not to conversion. Such
difference in reaction enthalpies would lead to an underestimation of the degree of
conversion.
I roton nuclear magnetic resonance ('HNMR) oonfirmed thai DSC
measurements underestimated the degree of conversion ofDCPD.28 since only mobile
molecules are observed in solution NMR. residual monomer in the PDCPD network
was qualitatively measured. Quantitative measurements of conversion could not be
obtained without the use of an internal standard. Even if a standard was employed,
solution NMR was not sensitive enough to monitor high reaction rates with good signal-
to-noise ratios. In this study, the reaction formulation (DCPD, W('l („ Al(( 'I I ,( 1
1 ,
)
,( |
)
was adjusted in order to delay gelation so that NMR spectra could be collected at the gel
point and twice more during cure. In another study, solution 'l I NMR was used to
accurately determine the polymerization kinetics of the pure exo and endo isomers of
DCPD by d\ in dilute solutions. "' The analysis showed that the ciulo isomer
polymerized at a slower rate than the exo isomer because of intramolecular coordination
of the ruthenium catalyst to the neighboring cyclopentyl ring. When similar
experiments were performed in bulk endo-DCPD, only qualitative data could be
attained. Additionally, solid-state 1 '(
! cross-polarized magic angle spinning NMR of
curing PDCPD has been utilized.'" In general, this method is limited by scan time and
the signal-to-noise ratio. More importantly, shifts in the solid-state 1 V spectra arc not
significantly different enough to observe a change between D(TI) and IMXTD.
1.2.2 Ultrasonic Spectroscopy
Although the previously mentioned techniques are limited, or fail to accurately
and quantitatively monitor I )( MM ) polymerizations over a range of cure stales, ultrasonic
spectroscopy offers an alternative. Traditionally, ultrasound has been utilized in
nondestructive testing and quality control. " I Utrasonic waves, or sound waves with
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frequencies in the MHz range, travel through a medium by transferring vibrational
energy IVom one particle to the next. The two main types of sound waves, longitudinal
and transverse, are utilized in ultrasonic spectroscopy. I ongitudinal waves are
compression waves that propagate by localized compressions and rarefactions of the
medium in whieh the direction of wave propagation is parallel to the direction of
particle motion. Similarly, transverse waves are shear waves in whieh the direction of
wave propagation is perpendicular to the direction of particle motion. Transverse waves
propagate by localized shearing of the particles in a solid media. The longitudinal
velocity (Ci ) and shear velocity (C0) of a wave propagating through a medium is
dependent on the density and elasticity of the medium and is proportional to the square
root Of the modulus, elastic (E) or shear ((i), divided by the density (p), equations 1.1
and 1
.2. Since ultrasonic waves arc sensitive to variations in the density and modulus of
a material, ultrasound can be used to nondcstruclively probe an article for
heterogeneities. Additionally, ultrasonic waves can be used to monitor a transforming
system, such as a polymerizing thermosct.
CL sJ^ (1.1) C0 (1.2)
The first reported use of ultrasonic spectroscopy as a tool to monitor thermosel
polymerizations was by Lindrose in 1 ()78.*
2
In this study, pulse echo scans IVom
longitudinal and shear transducers were used to measure the apparent longitudinal,
shear. Young's, and bulk moduli changes of a curing epoxy. In this setup, the
transducers were connected to a coaxial switcher and mounted to the plate on which the
epoxy was cured. This setup allowed almost simultaneous signal processing from both
II
transducers. From analysis of the pulse echo data sets. Lindrose was able to deduce that
the bulk modulus of the curing epoxy varied as a function of time, and there was a
synchronous behavior between the bulk and shear moduli.
Ultrasonic spectroscopy has also been used to monitor the curing of epoxy and
rubber modified epoxy. 33 It was found that as the sound velocity of the curing epoxy
increased sharply, the attenuation coefficient reached a peak value. This phenomenon
was attributed to the increase in modulus at vitrification. 34 It was also determined that
the gel point, as measured by viscometry, occurred before the maximum in attenuation.
A recent study was performed to compare and contrast the utility of DSC.
dynamic mechanical analysis (DMA), and ultrasonic spectroscopy to monitor curing
epoxies.
3
-' In this study, the degree of cure was analyzed by monitoring the change in
the heat of reaction by isothermal DSC, the complex modulus by DMA, and the
longitudinal velocity by ultrasound. The study revealed that a significant increase in the
longitudinal velocity and thus network formation occurred after the maximum degree of
cure was measured by DSC. It was concluded that while DSC offered little information
on cure after vitrification and DMA could not be practically used until gelation,
ultrasound was ideal since it was sensitive over the entire range of cure states.
Therefore, ultrasound can be used to monitor thermoset polymerizations over a broader
range of cure states than other conventional techniques.
1.2.3 Ultrasonic Spectroscopy of the Reaction-Injection Molding of
Dicyclopentadiene
The utility of ultrasonic spectroscopy to monitor in situ a transforming system is
being developed to monitor rotational reaction injection molding of DCPD
36
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RotationaJ KIM produces stronger and more uniform .tans when multiple aliquots of
the polymerizing medium are injeel into the mold over time, in tins setup, an aliquol of
monomer and catalyst are injected into the mold and allowed to partially polymer,/,-
before the next aliquot is added, essentially producing a layered article. The trick to tins
technique is to inject the subsequent aliquot when the previous aliquot or layer can
sustain an additional layer but is not fully cured. This methodology assures uniform
Livers with mi. mate interlayer bonding. I o develop an ultrasonic spectroscopy
technique to monitor cure, a model system was utilized in which an ultrasonic
transducer was attached to the underside of a metal pan containing a thin-layer of the
curing DCP1 ). ( >nl\ qualitative information could be collected because of the noise
generated from multiple reflections through the metal pan and the low reflection
coefficient of the l)( !PD-air interface. Additionally, the density of the polymerizing
sample could nol be accounted lor. and thus the velocity and modulus were not
accurately calculated. Although the setup of the model system had sonic drawbacks, it
was concluded that ultrasound did monitor the curing ofDCPD. I he change in the
delay lime lor an ultrasonic wave to travel through the system and relied back to the
transducer could be monitored and related to the degree oi cure, as determined bj
additional techniques.
I his compilation of work shows that ultrasound is a powerful tool to monitor in
situ propcrh developments of polymerizing thermosels. Through analysis of the
acoustic velocity, modulus, attenuation, and frequency spectra the cure state and
material properties of Curing Ihennosels can be measured. Although, the utility of
ultrasonic spectroscopy to qualitatively monitor curing epoxies is greatly accepted, there
has been little work done to quantity the data in terms of reaction kinetics.
Additionally, previous studies have not accounted for densification of the reactants.
Although the change in density for most epoxies is minimal, it can lead to a
considerable degree of error.
1.3 Organic-Inorganic Nanocomposites
Composite materials, such as PDCPD glass fiber composites, incorporate the
properties of the added material with the polymer matrix to make a material with
enhanced properties, such as stiffness and strength. Recently, nanocomposites have
gained much attention because of the dramatic property enhancement observed with
nanometer-sized additives, as compared to conventional composites. Additionally,
nanocomposites are easily manufactured and the property enhancements are observed at
low additive loadings. A well-studied class of materials is silicate clay nanocomposites,
where the included clay has one major dimension on the size scale of 1 - 100 ran.37 '38
The high aspect-ratio silicate platelets can be incorporated into a polymer matrix in
either an intercalated or exfoliated morphology. Figure 1 .6. In the resulting composite,
the inorganic sheets confine the entire matrix. This greatly alters the mobility and
relaxation of the polymer, and the thermal and mechanical properties of the matrix. To
form - clay nanocomposites, the polymer matrix must diffuse between the clay platelets.
The unfavorable interaction of the hydrophilic clay and the hydrophobic polymer may
be overcome by modifying the clay with an organic surfactant. Additionally, the
organic surfactant increases the basal spacing of the clay, allowing for easier entry of the
polymer between the clay sheets. Often the fully exfoliated morphology is sought to
enhance the mechanical properties.
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Intercalated Exfoliated
Polymer Matrix Clay Sheel
Figure 1
.6. Schematic of intercalated versus exfoliated clay nanoeomposilcs.
A pioneering material is nylon-6 clay nanocomposites in which ring-opening
polymerization of caprolactam occurs in galleries of montmorillonite clay. With less
than 4.2 weight percent clay incorporation, the strength, stiffness, and heat distortion
temperature increased remarkably.38,39 I km ever, for many composites the increase in
stiffness of the exfoliated morphology corresponds to a decrease in toughne ss. The
intercalated morphology shows the opposite behavior. The intercalated morphology of
a bisphenol A based epoxy and montmorillonite clay nanoeomposite showed a dramatic
increase in toughness while the strength anil stiffness remained largely unaffected.41
Similar PDCPD montmorillonite clay nanoeomposite have been prepared by ruthenium
catalyzed ROMP. 1 Highly exfoliated PDCPD clay nanoeomposite were formed bj
sonicating IXTI) monomer and clay in order to disperse the clay. Without sonication.
the composites consisted mainly of day particles and intercalated morphology, w ithout
greatly enhancing material properties. The greatest enhancements were found with the
exfoliated morphology of 0.5 1.0 Wt % clay. The T
g
for this formulation increased 13
°C and both the bending and llexural moduli doubled.
The aforementioned polymer-clay nanocomposites are formed In a top-down
approach in which a thermodynamically unfavorable energy harrier must he overcome
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to attain the sought alter morphology. An alternative methodology is a bottom-up
approach in which the inorganic- material is eopolymeri/ed with the polymer and then
the copolymer is allowed to sell-assemble into the sough, alter morphology. Polyhedral
oligomerie silsesquioxanes (POSS) monomers are one class of organic-inorganic
molecules that are used in this approach. 1>()SS monomers have the ability to be
COpolymerized with common monomers to form hybrid organic-inorganic polymeric
materials.
'
'
Under controlled processing conditions the POSS moieties will phase
separate from the polymeric matrix, and in some instances lorn, a morphology similar lo
silicate nanocomposites. 14
I'oss is a monodisperse well-defined nanoparticle containing an (Si-d 5)n core
with an organic periphery. Synthetic procedures allow for the synthesis of a Si s()i 2
octahedral molecule in which seven of the silicon atoms, in general, have an inert
organic functionality, such as isobutyl or cyclopentyl groups, and the eighth silicon atom
has a reactive group, such as a styryl or norbomenyl groups, Figure 1 .7.4S POSS is
synthesized, with high purity and structural control via hydrolysis of alkyl
trichlorosilanes. Sloichiometry is strictly controlled by the solvent conditions that cause
the incomplete seven silicon atom cage (T 7 ) lo precipitate from solution. The T 7 can
then be modi lied to complete the cage structure by reacting it with a unique
organofunctional trichlorosilane. The functionalized POSS can be incorporated into a
polymer via compatible standard polymerization reactions. Many linear copolymers,
such as polyethylene, polypropylene, polybutadiene, polystyrene, and polynorbornene.
with POSS as a eomonomer have been reported. POSS copolymers often exhibit
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increased oxidative stability, mechanical reinforcement, and morphological
modification as compared to the original homopolymer.
Figure 1.7 Chemical structure of commercially available POSS monomers in which R,
is the polymerizable functionality, R2 is the organic periphery, and X is the point of
attachment.
One of the most interesting characteristics of POSS containing copolymers is
their ability to aggregate and alter the morphology of the homopolymer. f or some
materials, such as poly(ethylene-to-POSS) (PE-POSS) and poly(butadiene-cY>-P()SS)
(PBD-POSS), POSS aggregation can be controlled by the POSS content in the
copolymer and the processing conditions. By increasing the mass fraction of POSS in
PE-POSS, the size of the POSS aggregates is increased and PE crystallization is
supressed.
1 When the copolymer is melt pressed, PE crystallizes around the two-
dimensional POSS domains of which the size depends on the fraction ofPOSS in the
copolymer. On the contrary, POSS aggregation is suppressed when PE-POSS is
47
precipitated from solution by addition of a non-solvent. In the PBD-POSS system a
lamellar morphology of POSS and PBI) is observed. This morphology is reminiscent
of exfoliated polymer clay nanocomposites in which polymer is diffused between the
clay sheets. PBD-POSS is the first system reported in which the lamellar morphology is
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attained by self-assembly of a random copolymer. In addition to the simplicity and si/e
control imparled by these hybrid organic-inorganic copolymers, the inorganic material is
covalently bonded to the organic matrix. As compared to polymer clay nanocomposites.
the covalent bonding allows lor load transfer from the organic matrix to the inorganic
material.
In addition to linear POSS copolymers, thermoset systems have also been
synthesized. ,x A multifunctional POSS containing, on average, lour epoxy groups on
the periphery has been copolymerized with aliphatic dicpoxides and an aminc-curing
agent. The addition of POSS to the epoxy matrix increased and broadened the glass
transition temperature (Tg), increased the tensile modulus, but lowered the flexural
modulus over that of the neat epoxy resin. Similarly, incorporation of monolunctional
epoxy POSS in an amine cured epoxy network increased and broadened the Tg without
changing the crosslink density and enhanced thermal properties. Comparatively, the
thermal and thermal-mechanical properties of the vinylester resin-multifunctional styryl-
POSS nanocomposite were dependant on the weight fraction of POSS in the resin. 1 "
Over a range of POSS loading, the T
g
of the copolymers changed v ery little, but the
flexural modulus increased with increasing POSS content. Additionally, initial work
has been done on PIXTD-POSS copolymers." 0 By incorporating 0.1 vvt %
octanorbornenyl-POSS, the solubility limited amount, in PDCPD, via copolymerization
catalyzed with Gl, the T
g
and the storage modulus above Tg of the nanocomposite were
increased over that of PIX'PI) homopolymcr. When monolunctional POSS with a
cyclopentyl periphery was incorporated into the network, the Tg decreased over that of
the homopolymcr. These changes were attributed to changes in the crosslink density.
IX
such that the octanorbornenyl-POSS increased the crosslink density over PDCPD
homopolymer while the monofunctional POSS lowered the crosslink density. These
studies reveal that each specific POSS can behave differently in a specific resin.
Therefore, by changing the type of POSS incorporated into a specific matrix, a range of
morphologies and properties can be attained.
1.4 Shape Memory Materials
Recently there has been increased interest in shape memory materials, or smart
materials, for use in sensors and actuators. The first shape memory material to receive
attention is NITINOL. a nickel titanium alloy discovered in 1962 by the Navel Ordnance
Laboratory. Although other shape memory alloys based on copper, zinc, and aluminum
have since been discovered, NITINOL has received the most attention and has found
applications in industry. The shape memory effect is caused by a change in crystal
structure with temperature." At high-temperatures an austenite, or disordered, crystal
structure predominates, forming the parent shape of the material. As the alloy is cooled
a diffusionless transformation occurs resulting in the movement of large blocks of
atoms. Once the transformation is complete, an orthorhombic, or martensite, crystal
structure predominates. The alloy can now be physically changed to a secondary shape.
On heating, the crystal structure reverts back to the original austenite structure and the
parent shape. Additionally, the secondary shape can be spot weld to form a new parent
shape. The new shape can be deformed and maintained until heated above the
martensite transition temperature, at which time it reverts back to the secondary parent
shape. One of the great advantages of NITINOL is that the transition temperature is
easily tuned from -120 to 300 °C by changing the ratio of Ni to Ti or by incorporating
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other metals. These types oftransforming materials have found great use in aerospace,
medical, and sensor applications. For example, in aerospace applications NITINOI has
been used as hydraulics to deploy instruments on satellites and as hydraulic line
couplings on lighter jets to eliminate weld seals.52 since NITINOL is biocompatible, it
can be used in medical applications, such as a coupling, or butterfly, to attach art, Ileal
joints to a hone. When a cold NITINOL butterfly is inserted into the hollo* of a hone,
body heat causes the butterfly to expand, coupling the artificial joint to the hone.
Although NITINOI. is used in numerous applications, it has some serious
drawbacks, including expense, complex processing, high weight, and low ultimate strain
for full rccoverability (4-8%). Therefore, polymeric materials are of great interest lor
there proccssability. lower weight, and higher strains. Common polymeric materials for
shape memory applications include hydrogels. liquid crystalline elastomers, carbon
nanotubes, and conducting polymers. 53 As opposed to the interchanging crystal
structure of shape memory alloys, shape memory polymers (SMP) arc composed of a
two-phase system in which a rigid, or fixing, phase gives the material dimensional
stability and a reversible phase transition gives the material elastomeric properties. 5
"1
Often these materials are chemically crosslinked to permanently set the parent or
original shape, and crystal I inity or liquid crystallinity imparts reversibility. Systems,
such as chemically crosslinked polycyclooctene (PCOH) or polystyrene-6/oc&-
polybutadiene (PS-&-PBD), exhibit a reversible shape memory effect, for example.
l'COh can be processed and chemically crosslinked to form the articles parent shape.
If a large number of trans double bonds are present. PCOE will crystallize with a
melting point (Tm) around 60 "('. The crystals act as the reversible phase of the
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material, allowing the shape to be physically altered when heated above Tm . Once
cooled, crystallization causes the new shape to persist until it is again heated above Tm .
A drawback of this SMP is that the parent shape is permanently set by the chemical
crosslinks. Phis drawback is not present for thermoplastic SMPs, such as PS-6-PBD.
In this diblock system, the PS phase forms physical crosslinks at temperatures below the
Tg .
56 Once again, trans PBD crystals form the reversible phase. The parent shape of the
material is maintained until heated above the T
g of the PS phase, at which point the
parent shape can be altered.
Another class of SMPs is liquid crystalline elastomers (LCEs). IX Ks exhibit
actuator properties since the elastomer uniaxially contracts during the isotropic-nematic
(I-N) phase transition.
1,7
The network memory and parent shape of the article are
maintained by chemical crosslinks. The I-N transition of an LCE based on 4'-
acryloyloxybutyl butyl-2,5-(4'butyloxybenzoyloxy) benzoate exhibits properties
comparable to skeletal muscle with sub-second relaxations, strains of 35-45% and an
exerted stress of 210 kPa.' 3 Previous LCEs have been synthesized by either free-radical
or condensation polymerization of the liquid crystalline monomer. Ruthenium
metathesis catalysts allow for synthesis of liquid crystalline polymers by ROMP,
ADMIT, or ROIMP, which can then be chemically crosslinkcd through the backbone
unsaturations forming an LCE.
Thermoplastic PCOE can also be prepared by ROMP by incorporating
photolylic or thermally reversible crosslinkable groups as comonomer. The |4+4|
photodimerization of anthracene and the [4+2] cycloaddition, or Diels-Alder, reaction
have been shown to reversibly crosslink materials.^"''" The photodimerization, and
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therefore photo-crosslinking, of anthracene has been used to study the phase separation
of polystyrene polyvinyl methyl ether) blends.58 The photodimer was used to control
and freeze the changing morphology of the blend in order to probe the phase separation
kinetics, and morphology of immiscible blends. Additionally, anthracene has been used
as a photo-cleavable junction point for polystyrene-/^cA-poly(methyl methacrylate)
copolymers. Figure 1 .8.59 The chemistry utilized in this study allowed lor synthesis of
anthracene end-capped PS and PMMA homopolymers with narrow polydispersities and
controlled molecular weights. Dimerization of the anthracene endgroups was used to
prepare PS-/>PMM A block copolymers. The PMMA phase could be removed from
ordered thin films by photo-cleaving the anthracene dimmer.
MMA
+
300 nm
280 nm / 1 80 °C
MMA
Figure 1 .8 Photo-reversible coupling of polystryene-Muti-polymcthylmethacrylate
copolymer.
The thermal cleavable Diels-Alder cycloaddition adduct of furan and maleimide
has recently been used to prepare a self-healing material.
60 A highly crosslinked article
was formed from the Diels-Alder adducts of furan and maleimide multifunctional
monomers. Figure 1 .9. On exposure to temperatures above 1 20 °C the adducts
depolymerized, which could then be repolymerized by annealing at 75 °C. It was shown
that the inherent reversibility of the system could be utilized in healing a crack. By
exposing a fractured article to the aforementioned healing cycle, it was healed to
approximately 57% of the original strength. These crosslinking moieties are compatible
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with the ruthenium catalysts and can be attached to olefins and copolymerized with
COE to prepare a processable PCOE base SMPs.
RT
>120°C
Figure 1.9 Self-healing thermoset synthesized from multi-functional Diels-Alder
monomers
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CHAPTER 2
ULTRASONIC SPECTROSCOPIC EVALUATION OF DICYCLOPENTADIENE
POLYMERIZATION KINETICS
Ultrasonic spectroscopy is a powerful tool for measuring in situ properties of
polymerizing thermosets. Through analysis of the acoustic velocity, modulus,
waveform attenuation, and the power spectra of the waveform, changes in the cure state
and material properties can be monitored. Although the utility of ultrasonic
spectroscopy to qualitatively monitor curing epoxies is greatly accepted, quantification
of the reaction kinetics has not been addressed. Additionally, previous studies have not
accounted for the densification of the reactants. Although the change in density for
most epoxies is minimal, it can lead to a degree of error in the acoustic velocity and
modulus values.
In order to study novel thermoset materials synthesized by ROMP with catalyst
Gl, the polymerization kinetics must first be determined. Since more traditional
analytical techniques are inadequate in determining the polymerization kinetics of
thermosets. and specifically DCPD polymerization, an ultrasonic technique offers an
attractive alternative. To further advance this analytical technique, and allow for greater
synthetic flexibility, an accurate determination of reaction kinetics is necessary. This
requires the design and validation of a reusable reaction cell that does not interfere with
the polymerization.
2.1 Acoustic Wave Propagation and Ultrasonic Spectroscopy
2.1.1 Ultrasonic Waves: Transmission, Absorption, and Scattering
An ultrasonic transducer generates ultrasonic waves with a piezoelectric
element that converts electrical energy to high-frequency ultrasonic vibrations.''
1
The
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construction ofthe transducer directly transfers the energy to the surrounding medium.
I Mlrasonic waves can interact with the medium in a number ofways depending on the
type of ultrasonic wave, the medium's physical state, and its material properties.
Longitudinal ultrasonic waves can he supported and transmitted by both liquids and
solids. Comparatively, transverse wax es are shear waves that are transmitted only by
solids since liquids cannot support a shear stress. Roth types ofwaves propagate
through a supporting medium until encountering an interlace. At the interlace. energ\
can either be transmitted into the second material or scattered, depending on the
acoustic impedance (/.) mismatch between the two materials."- Acoustic impedance is
defined as the product of a medium's density and acoustic velocity. The efficiency Of
energy transfer through an interface is dependent on the transmission coefficient (Tjj)
or the ratio of acoustic impedance of materials I and 2 at the interface, equation 2.1.
The amount of energy reflected from that interface is given by the reflection coefficient
( l\
i
') equation 2.2
Energy can also be absorbed by the sample and throughout the entire ultrasonic
setup consisting ofthe pulser, transducers, and sample as shown in Figure 2.1. To
determine the amount of energy absorbed by the sample, the power spectra ofthe
sample, or fast Fourier Transform (ITT) ofthe recorded ultrasonic pulse, must be
compared to the power spectra ofthe entire setup withoul sample/' This method allows
the absorption ofthe setup, including the signal conditioning equipment and
transducers, to be separated from that ofthe sample. The lime domain transfer function
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Of the setup with sample. Y(t), is given by equation 2.3 where Es(t) is the electronic
signal applied to the transducer at time t. P,(t) is the electric acoustic conversion
function lor the piezoelectric element. P2(t) is the acoustic-electric conversion function
Of the piezoelectric element, and S(t) is the response of the sample. Each function can
be Fourier transformed to the frequency domain, with the general form of equation 2.4.
Thus, the frequeney transform function of the entire setup is derived, equation 2.5.
Y(t)= JP2(t3)dt3x|S(t
2 )dt2xJpi (t 1)xEs (t-t 1 -t2 -t3)dt 1 (2.3)
Pulser Transducer Sample Transducer
E p, S P2
Y
Figure 2.1 Layout of a generic ultrasonic spectroscopy setup for attenuation and power
spectra analysis.
X(co)= j"X(t)-e-iu)tdt (2.4)
Y(to) = E
s
(co)*P
I
(©)*S(©)*P,(co) (2.5)
The frequency transform function of the sample is calculated from equation 2.6, by
dividing the frequency transform of the instrumental setup with sample, Y(w), by that of
the instrumental setup without sample Y'(w), equation 2.7. To calculate absolute values
of sample attenuation, the energy scattered from the interfaces between the sample and
coupling medium and the attenuation of the coupling medium must be accounted for, as
outlined by Lee et al. Water is commonly used as the coupling medium. Therefore,
the transmission coefficient of the water-sample and sample-water interfaces and the
attenuation of the water must be included. By taking these parameters into account, a
new relationship for the frequency transform function is derived, equation 2.8 where as
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is the attenuation coefficient of sample of thickness h s and a, is the attenuation
coefficient of water of thickness or path length ofhw .
SC)-^j (2.6,
Y'(co) = E(©)*P,((o)*P
2 (a)) (2.7)
Y((o) = Y ,(o))*eojK *e"aA *T *T f2 81
Since the frequency transform function Y'(o>) can not be obtained without water
coupling the transducers, the attained frequency transform. Yw(©),is related to Y'(g>) by
equation 2.9. The attenuation coefficient of the sample, a s equation 2.10. is obtained
from the ratio of equations 2.8 and 2.9. These equations are derived for a general
system in which other elements can be added to the setup and included in the derivation
as long as the attenuation coefficient and thickness of each element is known.
Yw (o>j=Y'{6))*e
a
«
h
(2.9)
1
,
h
Y(co)fYJco)
(2.10)
2.1.2 Ultrasonic Spectroscopic Techniques
There are two methods for running an ultrasonic spectroscopy experiment,
through transmission and pulse echo. Transmission ultrasonic spectroscopy uses two
transducers, Figure 2.2. One transducer acts as a pulser and is placed in front of the
sample. The second transducer acts as a receiver and is placed behind the sample in line
with the pulser. A sound wave is then sent through the sample, recorded by the
transducer, and changes in wave amplitude and delay time are monitored. Delay time is
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defined as the amount oftime it takes for a waveform to leave the pulsing transducer
and be recorded by the receiving transducer. This technique requires that the
transducers are perfectly aligned and that the samples are placed consistently between
the transducers to reduce and minimize sound scattered from the interfaces.
Additionally, if the reflection coefficient between the coupling medium and the sample
is large, most of the sound energy will be reflected from the interfaces and little energ)
will reach the receiving transducer. The recorded waveform can be used to calculate
sample thickness or sound velocity by comparing it to a reference waveform of the
ultrasonic spectroscopy setup without sample.
Pulsing
Transducer
Receiving
Transducer
Sample
19.0 8 20.0 20.2 20 4
Delay Time ((is)
Figure 2.2 Schematic of through transmission ultrasonic spectroscopy and an example
waveform.
In contrast, pulse echo ultrasonic spectroscopy uses only one transducer, acting
as both the pulsing and receiving transducer, Figure 2.3. The sample is placed in front
of the pulser and the amount of time it takes for a sound wave to leave the transducer
and be reflected back is measured. Once again samples must be placed consistently in
front of the transducer to reduce scatter. Additionally, it is often necessary to have a
low reflection coefficient at the front interface and high reflection coefficient at the back
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interface of the sample to insure that most of the sound wave is transmitted into the
sample and then reflected back to the transducer. Ideally, two intense peaks are
observed in the waveform, depending on the reflection coefficients and attenuation
coefficients of the couplant and sample. The peak with the shortest delay time, t, Figure
2.3. corresponds to the reflection from the front surface of the sample. This delay time
represents twice the distance from the transducer to the sample. The second reflection.
t2 Figure 2.3. represents sound that has traveled through the sample, reflected from the
back surface, traveled back through the sample to the transducer. Often additional
peaks are observed that correspond to the higher order reflections occurring throughout
the system. If the sampled thickness is known, the sample's sound velocity can be
calculated from the thickness divided by one half the time difference between the
reflection from the front surface and the back surface. An advantage of this setup is that
the sound wave passes twice through the sample, increasing the accuracy of the
measurement. The greater accuracy is especially advantageous for measurement of the
acoustic modulus (E) since it is dependent on the square of the velocity (d ), equation
2.11
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Delay Time (|lis)
Figure 2.3 Schematic of pulse echo ultrasonic spectroscopy and an example waveform.
E = C2Lp (2.11)
2.2 Instrumentation
2.2.1 Reaction Cell Design
In order to advance the utility of ultrasonic spectroscopy to monitor reaction
kinetics and the densification of a polymerizing sample, a reaction cell was designed.
With the prior discussions in mind, a reaction cell for use in pulse echo ultrasonic
spectroscopy was chosen. The cell consists oftwo machined metal plates, a thick plate
glass backing, a polytetralluoroethylene (PTFE) spacer, and a PET film cover. The cell
is held together with four thumbscrews attached though the metal plates. Figure 2.4.
Plate glass was chosen as the back surface of the reaction chamber lor its inertness and
high reflection coefficient. The FYFE spacer is inert to most chemistries and its
thickness can be varied. A 3-mm-thick spacer was utilized to allow lor injection of the
reactants into the reaction chamber via a syringe inserted through a small hole in the
side of the spacer. Once the reactants are injected into the reaction chamber, the hole is
filled with an inert high-vacuum silicone grease to maintain inertness. The PET cover is
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also inert to the chemistry and conditions involved in this study. The utility of the PET
cover is twofold. First, the impedance value ofPET closely matches that of water and
the reactants but is not equal. Therefore, a fraction of the energy is reflected back to the
transducer with most of the energy passing into the reactants. Although the observed
peak is the convolution of both the water PET interface and the PET sample interface,
the film is thin enough, 50 urn, that only one reflection is observed and thus does not
require decoupling. Second, the PET film is flexible enough to contract with the
reactants, making it possible to accurately measure sample thickness, and therefore
density, at any point in time.
Top View
Metal Plate
Reaction
Chamber
Thumb
Screws
Side View
Metal Plate
PET Film
PTFE Spacer
Glass Backing
Metal Plate
T Reaction Chamber
Figure 2.4 Schematic, top view and side view, of the ultrasonic spectroscopy reaction
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2.2.2 Calculation of Ultrasonic Spectroscopy Parameters
The reaction cell holds the reactants in a plane strain geometry, causing
shrinkage to occur strictly from the PET interlace. By fixing the distance of the
transducer with respect to the glass plate, the changes in sample thickness can be
observed as shifts in the delay time of the peak reflected from the PET film.
Waveforms from a DCPD polymerization are shown in Figure 2.5. The waveforms are
labeled according to the characteristic point during the polymerization in which it was
collected. The waveform labeled 'Reactants 1 was collected at initiation of a
polymerization. "Attenuation" refers to a waveform collected partly through the
polymerization at point when the sample fully absorbs the ultrasonic energy causing the
absence of the t2 peak, and -Cure' refers to the waveform collected at the end of the
polymerization. The peak t, is the reflection from the PET film while the peak t2 is the
reflection from the glass plate. As the reaction proceeds, the reactants shrink from the
top surface, pulling the PET film away from the transducer. Shrinkage, or densification,
is determined from the change in t, over time. The sample's thickness (h) at any point
in time (t) is calculated from equation 2.12; where h f-is the final thickness of the sample
as measured by calipers, Clw is the longitudinal velocity of sound in water, and t, 0 is the
delay time of the reflection from the PET film at the end of the polymerization (Cure).
Essentially, the change in thickness and similarly density, are determined by adding the
incremental change of t| 0 to the final thickness of the sample.
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aAttenuation
Reactants
14 5 16 17 18
Delay Time (jus)
19
Figure 2.5 Pulse echo waveforms at initiation (Reactants), near vitrification
(Attenuation), and final cure (Cure) of a DCPD polymerization monitored with a 20
MHz transducer. Change in delay time for the reflection from the PET film (tj) is due
to densification while the change in delay time of the reflection from the glass backing
(t2) is due to the increase in sound velocity.
h = h,.+
C|w(
^
l
""t|)
(2.12)
The extent of reaction is assumed to correlate with a change in delay time of the
reflection from the glass plate (t2 ). Since the glass plate is fixed with respect to the
transducer, the decrease in delay time is due to an increase in the sound velocity. The
velocity can then be calculated using equation 2.13 and the modulus can be calculated
with equation 2.1 1
.
") 1
C, -(— ) (2.13)
t
2
-t,
Additionally, changes in attenuation of the t2 peak can be used to monitor the
viscoelastic nature of the polymerizing media. This phenomenon has been related to
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gelation and vitrification of a curing epoxy resin."'"" As the rcaclants gel. the sound
energy is easily absorbed, attenuating the b peak. Figure 2.5. The reduced attenuation,
equation 2.14, was derived in a fashion similar to l.ee et al.62 All elements of the
reaction cell and setup were added to equation 2.8 to account lor transmission through
the PET film, reflection from the glass plate, and transmission again through the PET
film, figure 2.6. Since rate and viscoclastic information can be qualitatively determined
from the change in attenuation during the reaction, the reduced attenuation coefficient
was calculated. The reduced attenuation coefficient is defined as the ratio of the
attenuation at the start of the reaction to the attenuation at time t. This simplifies
calculations by removing terms that are not affected by the sample. The reduced
attenuation was calculated from equation 2.14 where a, h. Y. and R(U are the ratios of
the attenuation, sample thickness, frequency transform function, and the reflection
coefficient at time zero and time t respectively, equations 2.1 5. The ratio of the
reflection coefficient accounts for the energy scattered from the PET-sample interface
(Rm>s) and the sample-glass interface (Rm g ), equation 2.16.
Pulser /
Receiver
> K -> y.m ^ tt\A ^ ^^s<!
Transducer ii
2
o PET Sample C ilass
P
-T <—Tm,w ^ 1 s
M S
Figure 2.6 Layout of the ultrasonic spectroscopy setup, including the reaction ccIL for
attenuation and power spectra analysis. Arrows indicate the sound waves' path.
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Once the reactants are in the reaction cell, the cell is placed in the jacketed water
bath to couple the cell to the transducer and control reaction temperature, Figure 2.7.
Reaction temperature is regulated by a programmable circulating water bath. A program
utilized in previous studies gates, triggers, and records the waveform, time, and
3
'
temperature data at regular intervals for a predetermined polymerization time.
Circulator
Jacketed Water Bath
Figure 2.7 Schematic of the ultrasonic spectroscopy setup. The reaction cell sits
horizontally in the jacketed water bath, causing shrinkage to occur from the PET
interface.
To calibrate the system and assure the PET film would not affect the data, a 60
°C, 24 h scan of the reaction cell filled with water was collected. The PET film showed
no adverse effects. The tj and t2 peaks maintain a constant delay time and intensity.
Similar results were found for an experiment with the cell filled with IX'IM) at 35 "C.
These tests verily that PET dees not interfere with the reaction. Additionally, the
maximum ehange in density the eell ean monitor was determined to be 0%, although the
PET lllm would most likely delaminate from the reactants surface before reaching 0%.
This value was determined hy filling the assembled eell with water and measuring the
amount of water displaced on compressing the PET window into the reaction chamber.
A final cell characterization was preformed to determine the frequencies and
wavelengths over which the transducers would operate. Power spectra of the reaction
cell filled with DCPD at 35 V were recorded for each transducer. Figure 2.8. This set
of transducers probes a frequency range of 3 30 Ml 1/ or a range of wavelengths from
50 500 pin. as calculated for 35 "(' IX I'D with an acoustic velocity of 1360 in s "'.
u
3
10 Ml 1/
20 Mil/
JO Mil/
50 Mil/
0 10 20 30 40
Frequency (Ml I/.)
50 60
Figure 2.S Power spectra of the DCPD filled reaction cell at 35 "(' lor 10. 20. 30, and
50 Mil/ transducers.
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2.2.3 ( alculation of Rate ( onstants
The observed rate constant lor .he ROMP ofDCPD is the compilation of.hr
distinct chemical reactions, the activation ofGl, Figure 2.9, metathesis of the
norbomenyl double bond ofDCPD, bond A. Figure 2.10, and the metathesis of the
eyclopentyl double bond, bond B. Activation ofGI OCCUTS by dissociation ol a
irieyelohexylphosphine ligand leaving an open coordination site lor coordination of
olefin monomer. The coordinated olefin can then form a metallocyclobutane
intermediate and eventually undergo productive metathesis, reforming a propagating
alkylidene. The dissociative activation mechanism allows catalyst activity to be
controlled by phosphine concentration. The square brackets around ruthenium atom
denote the coordinated ligands.
CI/
PCy
- PC y
Ru=
C T 1v 1 i> R t PC y R
olefin
Ru
R l olefin
Ku=*
R
Figure 2.9 Catalytic cycle of ruthenium carbenes in ROMP.
( ontinuing the catalytic cycle, olefin can coordinate to the active catalyst to propagate
the polymer chain or phosphine can coordinate forming a dormant catalyst. The entire
catalytic cycle is reversible until the metallocyclobutane intermediate forms a new
polyene. The equilibrium established between dormant and active catalyst species can
be used to control polymerization rate. In accordance to be Thatcher's principle, adding
excess phosphine shifts the equilibrium towards the dormant catalyst and in turn lowers
37
the polymerization rate, To increase the tune to .elation, two molar equivalents of PPh3
were added to shift the equilibrium towards the inactive Catalyst, allowing the monomer
and ea.alyst to be mixed externally and then injected into the reaction cell.66 Activation
OfGJ is assumed to be a. a steady-state throughout the polymerization, f ormation of
the polymer network initially oeeurs through polymerization of the unsalura.ion in the
more strained norbornenyl ring, bond A f igure 2.10. forming linear PDCPD, with
subsequent erosslinking through the less strained eyelopentyl ring, bond \\ f igure
2.10," Polymerization kinetics, as monitored by If IK and ultrasound, are viewed as
two parallel first-order reactions producing a common product. Specifically, the
metathesis of A, with a rate constant k,, producing a trans double bond, bond ( !, with an
infrared absorption at 975 cm 1 and the metathesis of B, with a rate constant U
producing an infrared equivalent trans double bond. A rale equation can be derived for
the formation ol'C. equation 2.17, where (\ is the final concentration of the product. A„
and B0 arc the initial concentrations of bonds A and H, and I is the polymerization lime.
I I IK and ultrasound data arc compared by normalizing the data with equation 2. IX.
resulting in C0 equal to zero and (', equal to one. Rale constants arc calculated am;
compared by fitting equation 2.17 lo the normalized data,
S8
p;„„™o til c i—i. y <^
2.3 Experimental
2.3.1 Materials
The metathesis catalyst. bis(tricyclohexylphosphine)benzylidene ruthenium
dichtoride catalyst (Gl), was purchased from Strem Chemical. All other reagents were
purchased from Aldrich and used as received unless otherwise noted.
Dicyclopentadiene was melted and purified by passing through warm activated basic
alumina prior to use. For DCPD polymerizations, stock solutions ofGl and
triphenylphosphine (lTh,) in dry and degassed benzene were prepared and kept frozen
until needed. DCPD, Gl, and PPI13 solutions were measured as molar ratios of 7.500.
15.000. or 22.500 equivalents IXT!) or IXTIVtricyclodcccnc (TCD) solution to 2 mole
equivalents PPh3 to 1 mole equivalent of (ill. ReactantS were mixed in a vial and then
injected into the reaction cell via a syringe. Reactions were run at 25, 35, 50, and 65 "C.
2.3.2 Tricyclodecene Synthesis
In order to compare ultrasonic spectroscopy to FTIR, solutions of I H 'I'D and 10
vvt % Tricyclo[5.2. 1 .0]dec-3-ene (TCD) were polymerized at 25 °C. Tricyclodecene is
C = C
a3 .A oe^- (2.17)
=
(C-C.)
(2.18)
39
the closest liquid analog to DCPD and acts a polymerizable solvent Therefore, the onlj
affect TCD has on the reaction kinetics would be the change in the molar ratio of
norbornenyl to cyclopentyl unsaturations. Tricyclodecene was prepared according to a
literature procedure. Figure 2.11 ,"
7
The reaction intermediates and final product were
characterized by NMR and GC-MS. 'H and ,3C NMR spectra were recorded on a
Bruker DPX 300 Mil/ and GC-MS spectra were recorded on a IIP 5890 Series II Gas
Chromatograph with a 1 IP 5989A Mass Spectrometer.
tBuOK
* I
ICI)
figure 2.
1
I Reaction scheme for the synthesis of tricyclodecene.
2.3.3 Fourier Transform Infrared Spectroscopy
FUR spectra were collected as thin films on NaCl plates using a BIO-RAD FTS
1752 IT-IR spectrometer, four scans were collected and averaged per data point.
Scans were collected every fifteen minutes for an 18-hour period. Spectra were
analyzed using Bio-Rad Win-IR software. The data was analyzed b\ monitoring the
evolution of the 975 cm" carbon hydrogen bending vibration of a trans carbon-carbon
double bond as a function of time, f igure 2.12.'' N The DCPD/TCD monomer solution
only contains cis double bonds and ROMP by Gl primarily produces trans double
bonds (80-90° o trans).''" making this peak ideal for monitoring the extent of
polymerization. The isobestic point at 990 cm
,
reveals the cleanliness of the reaction.
It w as assumed that the rates of cis and trans double bond formation were constant
throughout the reaction and that there was not substantial cross metathesis. I he lack
of cross metathesis is validated by the 1TIR data in w hich a decrease in the 975 cm
1
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Vibration 01 long polymerization times is not observed. This can also be rationalized by
the fad thai at longer polymerization times when cross metathesis would be
thcrmodynamically lavorablc. ,he matrix is vitrified, causing the polymerization rate to
Ik- diffusion-controlled,
Wave number (cm" )
Figure 2.12 Accumulated FTIR spectra of a DCPD/TCD polymerization. The c>7> cm
vibration of trans double bonds is absent in the monomer solution.
2.3.4 Ultrasonic Spectroscopy
A Panametrics model 5900 200 Mil/ pulser/receiver digitized with a Sonix
Kil 1/ STR8K I P( ! digitizer was utilized in this study. The pulser/receiver was
digitized at a rate of 1 GHz to drive the 10,20, JO, and 50 MHz transducers. The
transducers used were Panametrics models V312 10 MM/ focused transducer with a
2^.4 mm focal length, V.1I6 20 MM/ focused transducer with a \ ( ) mm focal length,
model V375 30 MHz focused transducer with a 19 mm focal length, ami a model V390
50 Ml 1/ focused transducer with a 12.7 mm focal length. The energy, damping, and
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gain were set on the pulse/receiver to 32 uj. 20 Ohm. and 54 dB respectively. To start
an experiment, the reaction cell, already containing activated catalyst and monomer, was
placed horizontally in a jacketed water bath with pure water as the coupling medium.
The transducer was lowered into the water bath, via a jig, and focused on the reaction
cell's PET window. Focus was achieved by adjusting the distance between the
transducer and the reaction cell until the amplitude of the reflection through the reaction
cell (t2 , Figure 2.5) was maximized. The temperature of the water bath was regulated
with a VWR Scientific model 1 157 circulator with a programmable temperature
controller. Panametrics Multiscan software was used to collect and analyze the
waveforms. Five waveforms were collected and averaged at specific intervals over the
course of the polymerization.
2.3.5 Density Measurements
Density measurements were made according to ASTM D792, a buoyancy
method. To measure the density of a cured PDCPD sample, the specimen was
suspended in pure water from a metal wire attached to a zeroed balance. The sample's
density (p s ) was calculated according to equation 2.19. where pvv is the density of water
at 23 °C (0.99743g cm"), m s is the mass of the sample dry and mw is the mass of the
sample in pure water. To measure the densification ofDCPD over the entire
polymerization time, an identical polymerization was run externally from the
ultrasound. After the sample gelled, specimens were removed to use in the buoyancy
test.
Density is calculated from the ultrasonic data by externally measuring the mass, final
thickness, and diameter of a representative cylindrical volume from the center of the
cured polymer sample. The ultrasonically measured thickness (h, equation 2.12) is used
to calculate the volume of the sample at any point in time during the polymerization,
time t. By assuming a constant mass, the density at time t can be calculated.
2.4 Validation of Ultrasonic Spectroscopy Reaction Cell Operation
To validate the ultrasonic spectroscopy setup and reaction cell design to
accurately monitor thermoset polymerizations, a simplified polymerization was studied.
By dissolving DCPD in 10 wt % TCD, room temperature reactions could be preformed,
simplifying the FTIR and density analyses. Since TCD has a polymerizable
functionality, it is polymerized into the matrix but without crosslinking. This can
change the rate constants and mechanical properties of the final material as compared to
DCPD, but solvent effects are excluded, making it an idea co-reactant for this model
study.
2.4.1 In Situ Monitoring of Densification with Ultrasound
To verify that pulse echo ultrasound and the reaction cell design are reliable for
monitoring changes in density, the initial and final densities of DCPD were compaied to
literature and experimental values. The density of DCPD at 35°C was measured as
0.960 g cm"
3
with an actual density of 0.977 g cm"
3
.
17
The product density was
calculated to be 1 .030 g cm"
3
with an actual value of 1 .033 g cm"
3
. Over the entire
polymerization time the densities measure by ultrasound are in agreement with those
measured by ASTM D792. Figure 2.13. The ultrasonic values have less then 1% error,
which can be attributed to small differences in temperature and the assumption that the
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sample has an ideal cylindrical geometry. Agreement of these values verifies that
during polymerization the changes in density can be accurately monitored by ultrasonic
spectroscopy.
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Figure 2. 1 3 Validation of the ultrasonic spectroscopy setup to accurately in situ
measure the density of a polymerizing thermoset.
2.4.2 Validation of the Rate Constants for Dicyclopentadiene/Tricyclodeeene
Polymerization
In order to evaluate ultrasonic spectroscopy as a technique to monitor conversion
during polymerization, the rate of change in density, sound velocity, and acoustic
modulus of the ROMP of solutions of DCPD in TCD (10 wt% TCD) were compared to
data obtained by FTIR. The polymerization rates measured by ultrasonic spectroscopy
are lower than those measured by FTIR. This is depicted in Figure 2.14, which shows
normalized FTIR and ultrasound data for the polymerization of 1 5,000 molar
equivalents of DCPD/TCD to Gl. The rate of densification closely corresponds to the
rate of conversion as measured by FTIR. Throughout the polymerization, densification
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occurs at a rate comparable to, but slightly lower than, the rate of ROMP of both the
tiorbornenyl and cyclopentyl unsaturations. In comparison, the percent conversion
measured by sound velocity and acoustic modulus are always lower than those measured
by FTIR and density, with modulus being slightly lower than velocity. Similar trends
are observed in reactions of differing monomer ratios. As monomer to catalyst ratio
increases, the rate of conversion decreases, as depicted in Figure 2.15 of the change in
density with respect to polymerization time and monomer ratio. This trend was
confirmed by the FTIR analysis, Figure 2.16. Similar trends were observed for the
velocity and modulus data, verifying that ultrasonic spectroscopy can be used to monitor
DCPD polymerizations or thermosets in general. The trends are confirmed by similar
experiments on the curing of epoxies with differing concentrations of curing agent, in
which the rate in change of sound velocity increased with increasing polymerization
rate.
7
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Figure 2.14 Rate of conversion of 15,000 moles of DCPD/TCD to Gl, polymerized at
25 °C as measured by I FIR and 20 MHz ultrasound. The solid lines through the FTIR
and density data are regressions of equation 2.1 7, while the solid lines through the
velocity and modulus are regressions of equation 2.20.
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f igure 2. 1 5 Change in normalized density as a function of DCPD/TCD to (il ratio.
The solid lines are regressions of equation 2.17 Similar trends were observed for the
changes in velocity and modulus.
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Figure 2.16 Change in normalized peak area of the 975 cm" 1 vibration as a function of
IXPD/TCD to Gl ratio. The solid lines are regressions of equation 2. 1 7.
To quantify these observations, equation 2. 1 7 was fitted to the data and the rate
constants k] and k2 were extracted. The rate constants k, and k 2 for the polymerization
of 15,000 moles DCPD/TCD, determined by FTIR are 4.1 1 IT 1 and 0.36 h" 1 respectively.
Varying monomer to catalyst ratios reveal that k| and k 2 decrease with increasing
monomer to catalyst ratio, Figure 2. 1 7. Rate constant k| measured by the rate of density
change was approximately 35% lower than k| determined by FTIR. The trend of
decreasing k\ with increasing monomer ratio is observed in both cases. From
observation of Figure 2.14, it was concluded that the rate of densification closely
corresponds to the rate of reaction of both unsaturations. More accurate analysis from
calculation of the rate constants clearly shows that densification is affected more by the
crosslinking reaction, k 2 , than linear polymerization, ki. Therefore, the rale of
densification corresponds qualitatively to k] and quantitatively to k 2 .
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Figure 2.17 ( lomparison of rate constants k| and k> as measured by FTIR (circles) and
Density (squares) with a linear lit through the data set. I nor bars are the Standard eiTOl
for the constant. There is negligible error lor the lv values.
Equation 2.17 could not accurately he Hi to the velocity and modulus data. This
difference can he explained by realizing that each technique measures a different
property. Infrared spectroscopy monitors the relative concentration of a particular
functional group, while ultrasound monitors the physical and mechanical properties of
the material, which may or may not change in accordance to concentration. Since the
mechanical properties of the polymer are greatly changed on crosslinking. it can he
assumed that the change in velocity and modulus arc affected more by the crosslinking
reaction, k », than linear polymerization, k|. This is observed in the data as the lower
slope of the velocity and modulus curves than the FTIR curve. Figure 2. 14. With this in
mind, the norbornenyl polymerization term (A0e"
|l
) was removed from equation 2.17, to
yield equation 2.20, which was then fit to the velocity and modulus data.
C = C„-B„c" (2.20)
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Figure 2.
1 8 shows the rate constant k 2 at varying monomer ratios, as determined by
equation 2. 1 7 for FTIR and density data and equation 2.20 for acoustic velocity and
modulus data. The k 2 values measured from ultrasound are within 3% of that measured
by FTIR. Although the Ills of equation 2.20 to the velocity and modulus data deviate at
higher conversions, a log plot of velocity versus polymerization time is linear rot-
approximately 3 half lives validating this first-order fit. By realizing the differences in
the properties measured by each technique and appropriately modifying equation 2.17.
an accurate value for k 2 can be attained from ultrasonic data.
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Figure 2. 1 8 Comparison of the rate constant k2 determined with equation 2. 1 7 for the
FTIR and density data and equation 2.20 for the velocity and modulus data.
2.4.3 Analysis of the Attenuation Spectra
The polymerization rate was also analyzed with respect to the attenuation
spectra. The change in the reduced attenuation coefficient for the polymerization of
DCPP/TCD is shown in Figure 2.19. The attenuation coefficient sharply increases
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during the flTSl hour of reaction to a point at which the sound wave is fully absorbed by
the media. The period of full attenuation is followed by a gradual decrease in
attenuation as the polymer cures. Additionally, as monomer ratio increases the curve
shifts to longer polymerization times and the peak broadens. This phenomenon was
also observed during the cure of epoxy resins. 72 71 It was determined that the width and
position of the attenuation peak was related to polymerization rate and extent of
Crosslinking. As polymerization rate increased the attenuation peak narrowed and
shifted to shorter polymerization times. Figure 2.19 illustrates that a change in
polymerization rate is observable in the attenuation spectra. The lime of initial recovery
of the t2 signal occurs at approximately I.X. 2.S, and 3.8 h in order of increasing
monomer to catalyst ratio, l or all three reactions, the velocity and modulus at which the
signal returns are approximately 1 8X0 m s 1 and 3.5 GPa. Only approximate values are
reported because of the low signal-lo-noisc ratio at such small signal amplitudes. Thus,
the polymer must reach a level of cure, characterized by the modulus and velocity
values, before the attenuation coefficient decreases. Although, quantitative degrees of
conversion and polymerization rales cannot be determined from the attenuation spectra,
viscoelastic information is extracted. Within twenty minutes of mixing catalyst (;i and
PPI13 with the monomer, a soil rubbery insoluble plug is formed. The sample maintains
this character and slowly stiffens as it cures during the same time frame as the
attenuation peak. After full attenuation, it continues to cure to a glass. The gel point for
pure DCPD under similar conditions occurs in eleven minutes/'6 Therefore, it is
believed that gelation occurs near the onset of attenuation with vitrification occurring at
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the peak in attenuation. The reaction is then diffusion-controlled leading to the 1
curing times.
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Figure 2. 1 9 Reduced attenuation coefficient during the polymerization of DCPD/TCD
with catalyst Gl.
2.4.4 Conclusions
Analysis of the DCPD/TCD polymerization by FTIR and ultrasonic parameters
verifies that the ultrasonic spectroscopy configuration described earlier can be used to
accurately and quantitatively monitor thermoset polymerization. From one technique,
information on chemical kinetics, density, material properties, and viscoelastic
properties can be monitored in situ. The reaction cell allows the thickness of the sample
and there lore density, acoustic velocity, and acoustic modulus to be accurately measured
and used to quantitatively calculate the rate constant for the crosslinking reaction.
While FTIR monitors the polymerization of DCPD as two parallel reactions forming a
common product, ultrasound only accurately monitors the crosslinking reaction. Since
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the mechanical properties, in regards to ultrasound, do not change greatly on linear
polymerization, the rate constant for linear polymerization could not be determined.
The rate constants for crosslinking calculated from the change in acoustic velocity and
acoustic modulus agrees with that measured by FTIR. A rate dependence on monomer
to catalyst ratio was discerned with both FTIR and ultrasound. These studies validate
the ultrasound data and the utility of the ultrasonic setup. The reaction kinetics and
viscoelastic properties can be further explored by utilizing the temperature bath and a
range of transducer frequencies.
2.5 Polymerization Rate of Dicyclopentadiene Homopolymerization
Results from the DCPD/TCD experiments validated the ability of ultrasonic
spectroscopy and the reaction cell to monitor the crosslinking reaction. The technique
can be used to measure the kinetics of other monomers and catalysts. Additionally, the
technique can be extended to characterize polymerization temperature and properties
sensitive to transducer frequency.
2.5.1 Catalyst Concentration Dependence
• The rate of polymerization of bulk DCPD was also studied by ultrasound. The
increase in velocity as a function of polymerization time is depicted in Figure 2.20. All
three reactions follow approximately the same exponential polymerization curve, with a
maximum value after approximately 10 h of cure at 35 °C. Tabulated k2 values are
presented in Table 2. 1 . Bulk polymerization of DCPD does not exhibit a clear rate
dependence at higher monomer ratios as did the DCPD/TCD polymerizations. Possible
explanations include the increased polymerization temperature, from 25 to 35 °C in
order to melt DCPD, or the absence of TCD. The temperature change could raise the
polymerization rate such that the reaction becomes diffusion-controlled before a rate
dependence can be discerned. Alternatively, the added TCD lacks functionality for
crosslinking. decreasing the crosslink density and therefore changing the time to
vitrification. This would allow more time to observe the polymerization rate before the
polymerization becomes diffusion-controlled. In comparison to the DCPD/TCD
reactions, the signal for all monomer ratios is recovered at approximately 3 h. Since all
reactions reach a similar sound velocity (1900 m s" 1 ) and modulus (3.6 GPa) at recovery
from full attenuation, vitrification must occur at a definite crosslink density. This
suggests that the TCD is responsible for the observed kinetics. Since norbornenyl
unsaturations are more reactive then cyclopentyl unsaturations and the TCD solutions
have a greater concentration of norbornenyl double bonds, the reaction kinetics can be
viewed as an initial fast polymerization through the norbornenyl group with subsequent
crosslinking through the cyclopentyl group at a slower rate. For DCPD polymerization
there is a 1:1 ratio of norbornenyl to cyclopentyl unsaturations, which suggests that
gelation occurs earlier and the polymerization rate, as measured by ultrasound, is
controlled by reaction of the cyclopentyl unsaturation. At higher monomer to catalyst
ratios and slower polymerization rates, it becomes harder to discern a rate dependence
between the reactions.
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Figure 2.20 Change in velocity during the polymerization ofDCPD as a function of
DCPD to Gl ratio, at 35 °C. Solid lines are the regressions of equation 2.20.
Table 2.
1
Kate constants for the polymerization of DCPD monitored with a 20 Ml 1/
transducers.
Monomer
Concentration 11
Rate Constant
k2 (h-')
b
Polymerization
temperature (°C)
Rate Constant
k 2 (h')
c
7,500 0.45±0.031 35 0.25±0.031
15,000 0.26±0.031 50 1.35±0.009
22,500 0.30+0.038 65 4.7410.016
Monomer concentration is defined as the ratio of moles ofDCPD to the
moles of Gl.
Values were calculated from acoustic modulus curves at 35 °C.
Values were calculated from acoustic modulus curves and a molar ratio of
15,000:1 DCPD*;!.
2.5.2 Temperature-Dependence
By increasing the polymerization temperature, an increase in the rate of change
of ultrasonic variables was observed. higure 2.21 shows the change in velocity as a
function of temperature. As temperature increases the rate in change of velocity
increases. Similar trends were observed lor the density and modulus data. Tabulated
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values of the rate constant determined from the normalized modulus data are presented
in Table 2.1
.
Additionally, temperature effects can be observed in the attenuation
spectra. As temperature increases, the attenuation peak narrows and shifts to shorter
polymerization times, revealing that the increased polymerization rate causes gelation
and vitrification to occur sooner.
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Figure 2.2 1 Change in velocity during the polymerization of 1 5,000 moles of DCPD at
different temperatures. Solid lines are regressions of equation 2.20. Similar trends were
observed for both the change in density and acoustic modulus.
An Arrhenius plot was constructed for the crosslinking reaction from the
velocity data fitted with equation 2.20, Figure 2.22. Both the velocity and modulus data
lead to similar linear Arrhenius plots from which with the activation energy was
determined to be 84 kJ mol"
1
. This shows the Arrhenius behavior of the reaction can be
followed by ultrasonic spectroscopy. The activation energy calculated for DCPD
polymerization with Gl is in agreement with published values determined by dynamic
DSC 73 and dilute solution lHNMR 29
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Figure 2.22 Arrhenius plol lor the polymerization of 1 5.000 moles of I )( Tl ) with k •
determined by ultrasonic velocity measurements and lined with equation 2.20.
2.5.3 Frequency-Dependence
.
I fltrasound data obtained at different transducer frequencies exhibited the same
monomer to catalyst ratio rate dependence as previously mentioned. Although modulus
is a frequency dependent quantity, there is not a large change in the extremely high
transducer frequencies to observe such effects. Therefore, the modulus of the fully
cured DCPD, as measured by ultrasound, is independent of transducer Ireciuency. At
shorter polymerization limes the modulus shifts to slightly lower values with increasing
transducer frequency, f igure 2.23. Also, the lime at which the signal returns after
attenuation increases with transducer frequency, f igure 2.24 displays the power spectra
of the 20 and 50 Mil/ transducers at initiation, vitrification, and final cure ofDCPD.
The change in attenuation during the polymerization is clearly apparent, as is the shift in
frequency at maximum amplitude. Each set of spectra show a shift to lower
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frequencies, with a minimum occurring at the peak. i.e. vitrification, in the attenuation
followed by partial recovery with continued curing. It was determined thai there was
.
excess attenuation over the range of wavelengths characterized in this experiment,
which would be indicative of scattering from heterogeneous domains. Therefore, the
Shift in frequency and change in the duration of lull attenuation are attributed lo the
medium's viscoelastic properties. The higher frequencies are more readily absorbed,
thus requiring an increased level of cure before the attenuation coefficient decreases.
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Figure 2.23 Acoustic modulus ofDCPD polymerization at vitrification as monitored
with 20, 30. and 50 Ml 1/ transducers.
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Figure 2.24 Power spectra al initiation, \ itrification, and cure oi I X Ti ) measured with
20 and 50 MHz transducers.
To \vni\ iIkii i lu- ;iiiciiu;iiion did not affed the calculated rate constants,
comparative reactions were run over ;i range of transducer frequencies, Although the
waveforms are well separated, even a1 ;i minimum sample thickness, 1 mm to allow for
injection <>i the reagents, a similar duration of attenuation was obsen ed, rherefore, ii
was necessary i»> decrease the transducer frequency . As compared to the higher
frequencj transducers, the 10 Ml Iz signal does nol fully attenuate during the reaction,
Figure 2.25. ( lalculation of lv In equation 1.20 reveals thai there is only a 2.75%
change in the rate constanl as compared to the 20 Ml Iz data. Ai M) and 50 Ml iz there is
;i largei decrease in k • due to the increased duration *>r full attenuation, Table
1 1
Therefore, it is concluded thai the attenuation of the 20 Ml Iz data does nol affecl the
calculated rate constants. Additionally, the l() Ml 1/ data set shows thai there is an
inflection poinl al the onsel of full attenuation, w hich is nol revealed with higher
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frequency transducers. The lower initial polymerization rate could be clue to the linear
norbornenyl polymerization slightly changing the mechanical properties. The rate
equations 2. 1 7 and 2.20, do not accurately model this behavior.
Fable 2.2 Rate constants for the polymerization ofDCPD monitored with 10, 20, 30
Transducer
Frequency (Mil/)
Rate Constant
Mh-')a
Attenuation
(h)
b
Modulus
(GPa) c
10 0.25+0.030 3.6d
20 0.2410.031 1 3.6
30 0.1810.023 8 4.0
50
;i i t .
0.1610.016 9 4.1
catalyst ratio of 1 5,000 at 35 °C.
curves with a monomer to
Acoustic modulus value when the t2 peak returns after Full attenuation.
c
Polymerization time at which the t2 peak returns. For all transducer
Frequencies Full attenuation occurred between 1 h and 1.5 h.
The value corresponds to the time at which the attenuation coefficient
starts to decrease.
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Figure 2.25 Modulus data For the polymerization oF DCPD at 35 C, collected with 10
and 20 MI Iz transducers. The ordinate is shifted to separate the overlapping data.
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2.6 Dicyclopentadienc Polymerizations with a Thermally Activated Catalyst
For the ultrasound reactions and RIM, the pot life, or the length of time a
reaction mixture can sit before the viseosity is to high to injection mold, must he long
enough to allow the reactants to be mixed thoroughly and injected into the mold, li the
pot life is too short, the reactants can polymerize in the extruder or the molded article
will have defects and inadequate properties. The pot life ofDCPD and CI can easily be
controlled by adding excess phosphine to the reaction mixture. Pol life can also be
controlled by changing the alkylidene moiety on the catalyst and therefore changing the
initiation rate.
6 10
Changing the benzylidene to a less stericly hindering and less electron
withdrawing alkylidene, such as 3-methyl-2-butenylidene, slows phosphine dissociation,
decreasing the polymerization rate. 74 A Gl derivative, bis(tricyclohcxylphosphine) 3-
methyl-2-butenylidene ruthenium (IV) dichloride (CT), Figure 2.26, behaves in such a
manner. At room temperature the catalyst has a slow polymerization rate that can be
increased by increasing temperature. This allows monomer and catalyst to be mixed at a
lower temperature, delaying gelation, and then cured at a higher temperature to reach
full conversion. Ultrasonic spectroscopy experiments were conducted to compare the
kinetics of CT without additional phosphine to CI with two mole equivalents of added
phosphine.
CI/ ?
Cy3
RU=\ CH 3
r ,,<
I \ / GT
ci pcy^
CH3
Figure 2.26 Chemical structure of bis(trieyclohcxylphosphines)-3-mcthyl-2-
butenylidene ruthenium (IV) dichloride (GT).
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2.6.1 Ultrasonic Spectroscopy of Dicyclopcntadicne Catalyzed by CT
2.6.1.1 Experimental
DCPD polymerizations catalyzed with CT were run similar to those with CI.
DCPD was purchased from Aldrich and purified by passing the melted monomer
through a warm column of basic alumina (Aldrich). Catalyst CT was purchased from
Strem chemical and used as received. A stock solution ofGT in benzene was prepared
and kept frozen until needed. To setup a reaction, liquid DCPD (35 °C, 1 mL, 0.977g.
7.4 mmol) was mixed at a monomer to catalyst ratio of 1 5,000 moles equivalents of
monomer to 1 mole equivalent ofGT in 25 uL benzene at 35 °C and injected into the
previously assembled reaction cell. The ultrasonic spectrometer was set up similar to
the Gl reactions using a focused 10 MHz transducer. Reactions were run at 35 °C, 50
°C, and 60 °C for 24 h. Rate constants were extracted from the normalized velocity and
modulus curves using equation 2.20.
2.7.1.2 Thermally Enhanced Activity of GT
As expected, polymerization rate increased with increased polymerization
temperature. The increased polymerization rate can be observed in the slope of the
density, velocity, and modulus curves. The normalized modulus data is displayed in
Figure 2.27. A 25 °C increase in temperature had approximately a 29% increase in
polymerization rate, Table 2.3. The activation energy for the crosslinking reaction, as
determined from an Arrhenius plot, is 73 k.l mol" .
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Figure 2.27 Change in normalized modulus as a function of reaction temperature for the
polymerization of DCPD by GT.
More interesting is the affect temperature has on gelation time. The attenuation
spectra of the 35 °C and 60 °C polymerizations are presented in Figure 2.28. At 35 °C
full attenuation occurred after approximately 30 minutes and lasted for an hour. At 60
°C full attenuation occurred within 10 minutes and lasted less then 20 minutes.
Although the reactants and reaction cell were heated prior to injecting the reactants, at
the higher polymerization temperature the reactants probably gelled before the
equilibrium temperature was reached.
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Figure 2.28 Reduced attenuation coefficient during the polymerization of DCPD by
GT
2.6.2. Comparison of the Ruthenium Catalysts' Activities
To characterize differences between the two catalysts, the rate and attenuation
data were compared. Table 2.3. Catalysts Gl with two mole equivalents of phosphine
has a lower polymerization rate and activity over the entire temperature range than GT.
The rate disparities are also observed in the attenuation data. Table 2.4. At 35 °C, the
Gl catalyzed reaction does not fully attenuate until after an hour of reaction and the
fully attenuated state lasts for 2.5 h. In comparison, the GT catalyzed reaction gels
within 30 minutes and attenuation lasts for approximately 60 minutes. At higher
temperatures the attenuation time and duration of both reactions arc similar. Therefore.
gelation and vitrification occur at approximately the same time
63
Catalyst Gl
Temperature (°C)
Rate Constant
i i i Z_.t* I 1 V / 1 I V_J 1 J J V_ 1 i
Catalvst f.T^— UlU \ Jl V J 1
Temperature (°C)
\ \ 1111 _ 'lii/i mWilli VJl clIlU VI I .
rvaic c onstant
K2 U 1 )
35 0.28±0.013 35 0.54+0.031
50 1.39±0.010 50 1.63+0.040
60 3.17 b 60 4.76+0.040
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a
__i
5.21+0.014 b65 6.39 b
For comparison, these values were extrapolated from the respective
Arrhenius plots.
The polymerization rates depend on the two different methods of rate control.
Catalyst Gl is controlled by the equilibrium between the dormant and active catalyst
species because of excess triphenylphosphine. Catalyst GT is controlled by the
initiation rate of the less active carbene. Even at lower temperatures it is easier for the
phosphine on GT to dissociate than for Gl to overcome the equilibrium favoring the
dormant catalyst. While the added phosphine increases the pot life of reaction, it slows
the entire polymerization. Once the phosphine on GT dissociates and the ruthenium
reacts with a monomer, the structure of the catalyst is equivalent to that of Gl that has
also reacted with a monomer. But without the additional triphenylphosphine,
equilibrium is shifted in favor of the active catalyst species, yielding a faster
polymerization rate. In a reaction injection molding application, GT would be
beneficial since triphenylphosphine is not needed to extend the pot life and the faster
polymerization rate leads to shorter polymerization times.
64
BH£ 14 Attenuation times and durations (or nol vmeri/.-.tinn of I )( i>n
Catalyst G 1
\tlym.
, Duration
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Polymerization time at which waveform t2 fully attenuates.
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2.7 Conclusions
Ultrasonic spectroscopy is a powerful tool to analyze the reaction kinetics and
properties of transforming thermosets. After validation of the rale constant for the
crosslinking reaction of the ROMP ofDCPD/TCD, ultrasound was used to study DCPD
polymerizations with two different ruthenium catalysts. A rate dependence on monomer
to catalyst ratio was not observed for the bulk polymerization ofDCPD. The origin of
the rale independence is the stoichiometry of the norborncnyl unsaluralion to the
cyclopentyl unsaturation and the different polymerization rates of each unsaturation.
I ftilizing the temperature bath to polymerize DCPD at different temperatures confirmed
the Arrhenius behavior of the crosslinking reaction. Activation energies calculated from
the ultrasound data are in agreement with values found in the literature, from the
attenuation spectra qualitative information on polymerization rate was obtained, as
observed by the width and shift of the attenuation peak. Additionally, the gel point and
vitrification point could be assigned. The effect of frequency is apparent in analysis of
the attenuation spectra in which the viscoelaslic properties of the reacting polymers
absorb the higher frequency sound waves, increasing the duration of full attenuation,
such thai an increased level Ol cure is needed to transmit the higher sound frequencies.
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Ultrasonic spectroscopy also showed that the added phosphine used to slow and delay
gelation also slowed the reaction over the entire polymerization time. Comparatively,
rate data collected from a more thermally active ruthenium catalyst. GT. confirmed that
although the polymerization rate of the catalyst is slow at lower temperatures, the
overall polymerization rate is higher than that of the equilibrium controlled
polymerization, Gl. In a more general application, the ultrasound technique and ROMP
results are important for RIM applications in which gelation needs to be delayed in
order to achieve a high quality article while maintaining a minimal polymerization time.
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CHAPTER 3
POLYDICYCLOPENTADIENE-co-POSS THERMOSETS
While there arc many studios ofPOSS incorporation in thermoset resins, each
specific POSS can behave differently in a specific resin.43,44'76 The changes can be
attributed to factors such as the size ofthe POSS (Si-0,.5)n cage, the nature of the
organic periphery, the number of reactive functionalities, and the concentration and
solubility of POSS in the resin. These factors determine if POSS is incorporated as
isolated and uniformly dispersed molecules, unreacted and phase separated particles, or
matrix-bound aggregates. The different morphologies that result affect the physical and
mechanical properties of the final material. The morphology, physical properties, and
mechanical properties ofDCPD and Si sO, 2 POSS copolymers are reported.
3.1 Experimental
3.1.1 Overview of PDCPD-POSS Copolymers Synthesized
Polydieyclopcntadiene organic-inorganic thermosets were synthesized by ROMP
catalyzed with CI to produce nanoeomposites via a bottom-up approach, figure 3.] . To
fully understand the effects of POSS. in terms of the organic periphery and
functionality, on the PDCPD matrix, a number of different POSS monomers were
copolymerized with IX 'PI ). The effects of the organic periphery on morphology were
addressed by systematically changing the organic peripheral groups of POSS to isobutyl
(1NB-POSS), cyclopentyl (C'p-POSS), and phenyl (Ph-POSS), figure 3.1.
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Figure 3.1 Copolymerization ofDCPD and mono-norbornenyl-functional POSS with
an isobutyl, cyclopentyl, or phenyl periphery. The R group is the respective peripheral
group tor the specific POSS monomer.
The affects of POSS concentration and functionality on morphology were
studied by comparing copolymers composed of either nonfunctional isobutyl POSS
(8iBu-P0SS), monofunctional norbornenyl-POSS (1NB-P0SS), or tris-norborneneyl
POSS (3NB-P0SS) with DCPD, Figure 3.2. The effects of POSS functionality were
addressed because each POSS can behave differently in the PDCPD matrix.
Specifically, 8iBu-P0SS acts as an inorganic filler, 1NB-P0SS acts as a pendent group.
and 3NB-P0SS acts as a crosslinking group. Therefore, 8iBu-P0SS freely diffuses
throughout the matrix until the crosslink density prohibits diffusion, the 1NB-P0SS is
limited in diffusion because it is attached to the DCPD backbone, and 3NB-P0SS is
more limited in diffusion because it is attached to the backbone in three possible
locations. Since crosslink density has dramatic effects on the physical and mechanical
properties of a thermoset, the properties of the 1NB-P0SS and 3NB-P0SS PDCPD
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copolymers were extensively studied. These two POSS monomers can change the
crosslink density of the PDCPD matrix. Specifically, INB-POSS takes up volume
therefore decreasing crosslink density while 3NB-POSS reacts multiple times therefor
increasing crosslink density. Figure 3.2 B and C respectively. The range of POSS
monomers utilized allows lor in-depth analysis of the affects Of the periphery and
functionality on the properties of the PIXTD matrix.
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Figure 3.2 Reaction scheme for the copolymeri/ation of I )( !P] ) with (A) 8iBu-P( )SS,
(B)INB-POSS, 01(C) 3NB-POSS. R group is the isobutyl periphery and P is the
IMX'IM) matrix.
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3.1.2 Materials and Synthesis ofPDCPD Copolymers
Catalyst HI was purchased from Strom Chemical, 8iBu-POSS was purchased
from Aldrich, INB-POSS was provided by the Air Force Research l aboratory. '
Propulsion Directorate. AFRL/PRSM, Edwards Air Force Base. CA, and Cp-POSS and
3NB-POSS were purchased from Hybrid Plastics. The Ph-POSS monomer was
synthesized according to literature procedures from norborncnylcthyltrichlorosilanc.
purchased from Oakwood Products, and heptaphenyltrisilanol-P( )SS purchased from
I [ybrid Plastics. All other reagents were purchased from Aldrich and used as received
unless otherwise noted. I )icyclopenladiene was melted and purified by passing through
warm activated basic alumina. Slock solutions ofGl and triphcnylphosphinc ( PPh
,) in
dry and degassed benzene were prepared and kepi frozen until needed. For
COpolymerizations, DCPD, POSS. PPh,. and (J were measured as molar ratios of
15.000 equivalents norbornenyl unsaturations to 2 mole equivalents PPh; to I mole
equivalent ofGl. For example, the reaction mixture lor PI )( 'PI) copolymer containing
20 wt % added INB-POSS was composed of 34.5 g (0.261 mol) DCPD, 6.91g
(7.37mmol) INB-POSS. 14.8 mg (0.018 mmol) (;i in approximately 20 pi benzene and
9.4 mg (0.036 mmol) PPh t In approximately 30 ul benzene. Hie addition of PPI13 was
necessary to reduce the activity of the catalyst to allow sufficienl lime lo lill the mold
before gelation. Copolymer articles were made by first dissolving the POSS in melted
DCPD and then adding catalyst and cocatalyst. The rcacLmls were then poured into the
respective molds. Plaques lor mechanical tests were made by sandwiching a J mm
thick P ITT spacer between two sheets of 1/2" thick plate glass. The glass plates were
treated will) a P I FE mould release prior to lllling. I he molds were placed into an oven
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at the polymerization temperature (60°C) for 24 h and post cured at 100 °C for 4 h
unless otherwise stated. Compression samples were made in a similar fashion exeep.
the reaetanls were poured into IX mm diameter lest tubes and cured as staled. PDCPD-
POSS films were made by sandwiching the reaetanls between two glass plates separated
with 50 urn aluminum foil. It is important to note that the INB and 3NB-POSS
eopolymers used lor the mechanical characterizations were synthesized from different
lots ofDCPD and slight changes in the physical properties of the homopolymers were
observed. Therefore, each l>()SS eopolymer is compared to PDCPD homopolymer
synthesized from the same lot.
3.1.3 Reaction Kinetics
The kinetics of the copolym'erization ofDCPD and POSS were determined using
the ultrasonic spectroscopy technique discussed in Chapter 2. Reactions were run at 50
°C lor 18 h and monitored with a 10 MHz transducer. Monomer solutions of 10 wt %
POSS dissolved in DCPD were polymerized with a monomer to catalyst ratio of 15,000
moles total norbornenyl units (both DCPD and POSS) to 1 mole Gl. Monomer
solutions of 10 wt % added POSS were dissolved in DCPD
3.1.4 Morphological Characterization
Wide-angle X-ray diffraction (WAX!)) was performed using a 1)500 X-ray
diffractometer. The X-rays were collimated with a slit collimator. Data points were
collected over a range of 2 40° 20 at 0.05" intervals with 10 counts per interval. X-ray
measurements were also taken on a Rigaku-200 rotating anode diffractometer with Fuji
AS-Va image plates and a Fuji f ilm BAS 2500 image reader. The X-rays were
collimated with a pinhole collimator. Both instruments operated at 40 kV and 30 mA
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with a Cu K a irradiation (wavelength of 1 .54 A) Transmission electron microscopy
(TEM
) images were collected with a JOEL 100CX TEM with an operating voltage of
100 kV and a JOEL 200 TEM operating at a voltage of 200 kV. Samples were
micrptomed at room temperature from a block of cured polymer with a Reichert-Jung
microtome using a diamond knife.
3.1.5 Physical Properties
Copolymer densities were measure as outlined in section 2.3.5, in accordance to
ASTM standard D792 in 23 °C water purified by reverse osmosis. Equilibrium swelling
was performed in/>xylene at 70 °C. Three specimens were tested per sample. Samples
were weighed on a balance after excess solvent was removed from the surface.
Dielectric measurements were made with a Novocontrol broadband dielectric
spectrometer with a SI 1260 impedance gain analyzer. Sandwich capacitors were made
from polymer films by sputtering circular gold electrodes on both sides of the film.
Measurements were taken at 25 °C over a frequency range of 1 Hz - 1 MHz.
3.1.6 Thermomechanical and Thermal Characterizations
Dynamic mechanical analysis (DMA) was performed on a TA Instruments DMA
2980. Samples were analyzed in tension at 1 .0 Hz over a temperature range of -1 00 to
200 °C at a ramp rate of 3 °C min" 1 . Typical samples were 5 mm long, 3 mm wide, and
1 mm thick. The amplitude of oscillation was set at about 6 um, imposing a strain of
0.1%. The Tg was determined as the peak of the alpha transition of the loss modulus
curve. Coefficients of thermal expansion were measured using film tension specimens
of dimensions 1 3 mm x 2 mm x 90 urn, on a TA instrument TMA 2940
thermomechanical analyzer. Thermogravimetric analysis (TGA) was performed using a
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mm
mm 1 ) or
TA Instruments TGA 2050 thermogravimctric analyzer al a heating rate of20 "(
from room temperature to 700 °C with b continuous purge of nitrogen (100 ml
air (60 ml, min" 1 ).
3.1.7 Mechanical lists
Mechanical measurements were performed in tension and compression on an
[nitron 1 123 machine. Samples were prepared according to ASTM standard D638 for
tensile and ASTM standard 1)695 lor compression tests. Tensile samples were loaded al
a constant crosshead speed of 5 mm min" 1 and compression samples were loaded al
crosshead speeds of 0.5, 5. and .SO mm min" 1 at 25, 50, and 75 "(\ The rale and
temperature experiments were performed on regenerated copolymer specimens. Since
PDCPD thermosets are elastomeric, the deformed specimens can be regenerated, and
reused, by simply heating above Tg. Specifically, the specimens were regenerated by
healing to 1 70 "( ! lor one hour, at which point the original length and diameter were
recovered. To be sure that the network was not damaged during regeneration, a set of
I'l )( Tl ) homopolymer specimens were cycled through the compression lest and
subsequent regeneration. No changes in the modulus, yield stress, or percent strain at
yield were observed after ten cycles, confirming that the PDCPD network was not
adversely affected by the regeneration cycle. Compact tension specimens, for fracture
toughness tests, were cut according to ASTM standard 1)5045 and pre-cracked with a
razor blade. Specimens were loaded al a constant crosshead speed of 100 mm min .
Optical micrographs of the damage /one around the fractured surface of the compacl
tension specimens were taken at 5x magnification under cross polarizers with an
73
Olympus BX60 optical microscope with an attached Sony CCD IRIS/RGB color video
camera.
3.2 kinetics of DCPD/POSS ROMP
To evaluate the affects of POSS on the rate of ROMP of DCPD and to determine
if PDCPD-POSS copolymers could be cured at similar conditions, 1NB-POSS and
3NB-POSS copolymers were analyzed. Each PDCPD copolymer was polymerized with
10 wt % added POSS at 50 °C. The conditions were chosen to be in the middle of the
possible POSS concentrations and polymerization temperatures to be studied.
Normalized modulus data is shown in Figure 3.3. Very little deviation in the
curves is observed for either the 1NB-POSS or 3NB-POSS systems. The rate constants
for the crosslinking reaction, equation 3.1, were calculated, Table 3.1. The rate
constants reported for the POSS polymerizations might not be quantitative for the
crosslinking rate constant. These polymerization mixtures are composed of DCPD
norbornenyl groups, DCPD cyclopentyl groups, and POSS norbornenyl groups, leading
to a complex kinetic analysis. Therefore, each set of data was fitted with equation 3.1.
which contains a single rate constant, kb , for the entire polymerization. The rate
constants verify that POSS does not have a substantial affect on polymerization rate.
The rate constants for both the 1NB-POSS and 3NB-POSS copolymerizations are equal,
and slightly lower than PDCPD homopolymerization. Since POSS functionality does
not change the rate constant, the decrease in polymerization rate is due to either the
added volume of the POSS moiety hindering polymerization or the exolcndo ratio of the
norbornenyl groups on POSS. Although, tw-substituted norbornenes, including DCPD,
polymerize at a greater rate than their endo analogs because of steric interactions, the
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endo isomer predominates for norbornenes synthesized by Diels-Alder reactions.3,29
Changes in the molar ratio ofexo to endo norbornenyl groups can affect the
polymerization rate. Since both DCPD and norbornenvlethyltriehlorosilane are
prepared by Diels-Alder reactions, the exo/endo ratios lor each monomer should be
similar. Additionally, the ratio of catalyst to norbornenyl groups was held constant lor
each polymerization. Hence, the exo/Gl and endo/Gl ratios should also be equal,
eliminating this as a possible source of the discrepancy. Therefore, it is proposed that
(he lower polymerization rate is due to the steric bulk of POSS hindering coordination
of monomer.
C = C,-B
o
e
kl1
(3.1)
0 5 10 15 20
Reaction Time (h)
Figure 3.3 Polymerization rale of PIXTD-POSS copolymers as determined from the
change in acoustic modulus. The solid line is a regression through the DCPD
homopolymer data.
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.As a side note, it should be mentioned that the rate constant determined for
DCPD polymerization is lower than the rate constant measured at similar
polymerization conditions in the ultrasound study. It was concluded that the
discrepancy was caused by using different lots ofDCPD monomer for each study. Most
likely the exo/endo ratio for the different lots of monomer was lower, leading to slower
polymerization rates. This effect is also observed in mechanical analyses in which each
POSS copolymer was polymerized with different lots of DCPD. Therefore, all
comparisons between PDCPD and PDCPD-POSS are made to a PDCPD homopolymer
synthesized from the same lot of DCPD.
The properties of PDCPD-POSS copolymers were also analyzed by ultrasonic
spectroscopy. Addition of POSS had little affect on the properties of PDCPD, Table
3.1. The acoustic moduli and velocities for each system are similar to that of PDCPD
homopolymer. Additionally, there was little change in the attenuation spectra.
Therefore, the mechanical and viscoelastic properties, at least at ultrasonic frequencies,
are unchanged by incorporating POSS comonomers. This observation is very exciting,
it alludes to the possibility that POSS can enhance other properties, such as thermal
oxidative stability or dielectric constant, without affecting the mechanical
properties.
Table 3.1 Ultrasonic spectroscopy data for the polymerization of 1 0 wt % 1 NB-POSS
and 3NB-POSS copolymers at 50 ' C.
DCPD 1NB-POSS 3NB-POSS
Rate Constant (h
1
) 0.60±0.04 0.52±0.03 0.51 ±0.03
Acoustic Modulus (GPa) 4.96 5.00 5.10
Acoustic Velocity (m s" 1 ) 2,210 2,200 2,2 1
0
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3.3 Morphology of POSS in IK PI)
Crystallographic data of Cp-POSS single crystals has previously been
published/" Waddon et al. have shown that single crystals of Cp-POSS monomer form
hexagonal arrays ofABCA planes. The X-ray diffraction spectrum of Cp-POSS shows
four main reflections, Table 3.2. The most intense reflection occurs at 8.2° 20 with a d-
spacing of 10.8 A, corresponding to the planes of Miller indices 101. This reflection is
often observed in POSS copolymers of suitable concentration for aggregation. " In
PDCPD copolymers, POSS aggregation is dictated by the solubility of POSS in the
DCPD matrix and the rate of crosslinking, which freezes the morphology al gelation.
fable 3.2 X-ray diffraction reflections for C p-POSS.
20 (degrees) <7-spacing (A
)
hkl
8.2 10.8
1 1.0 8.03 110, 210,210
12.1 7.31 102,012
19.0 4.66
1 13,213,123, 300, 330
' The crystal structure of Cp-POSS is generic to a family of POSS molecules with
different organic peripheries. Figure 3.4 shows the wide-angle X-ray diffraction spectra
of three different POSS molecules. The strong 8.2°, 11.0°, 12.1°, and 19.0° 29
reflections occur for each POSS monomer with similar intensity, although slight shifts
are observed for the 1 1 .0° and 19.0° 29 reflections. These reflections are more
dependent on the organic periphery, especially for Ph-POSS in which a shift to slightly
larger angles is observed.
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Figure 3.4 Wide-angle X-ray diffraction spectra of POSS monomers: (a) Ph-POSS, (b)
Cp-POSS,(c) 1NB-POSS. Vertical dashed lines are at 8.2°, 11.0°, 12.1°, and L9.0°29.
3.3.1 POSS C oncentration Dependence
For linear copolymers, it has been shown that the processing conditions and the
amount of POSS incorporated into the polymer chains can control the extent of POSS
aggregation.
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Processing is not possible for PDCPD thermoset copolymers. Therefore,
morphology of the product is formed prior to gelation. To analyze the morphology
attained from different concentrations of POSS, 1NB-POSS copolymers were studied.
The wide-angle X-ray spectra for 1NB-POSS copolymers containing 0, 10, 20. wt %
added POSS are shown in f igure 3.5. The spectrum of PDCPD shows a diffuse
amorphous halo at 17.1° 20 with (/-spacing of 5.18 A and a length calculated by
Scherrer's equation of 58.2 A. This reflection has been attributed to scattering of carbon
and hydrogen atoms in the backbone, similar to scattering observed in
polynorbornene.
81 Only at 20 wt % added I NB-POSS does POSS aggregation occur, in
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which a broad reflection at 8.6° 29 is observed. Analysis of the reflection reveals a d-
spacing of 10.3 A and a length of 3.5 nm, as calculated by Scherrefs equation.
Presumably, these aggregate are composed of approximately three to four POSS
molecules in the 101 lattice. The maximum size of the aggregates at the solubility-
limited amount of POSS (43 wt %) was 4.7 nm or four to five POSS molecules. From
calculation and comparison of the 20 wt % and 43 wt % samples, it was determined that
the number of POSS aggregates in the matrix increased by 63% with only a 25%
increase in aggregate size. If the number of aggregates remained constant an average
aggregate size of 7 nm would be expected. In the interest of assembling larger 1NB-
POSS aggregates, 20 wt % added 1NB-POSS PDCPD copolymers were polymerized at
lower temperatures (50 and 40 °C) to determine if slower polymerization rates would
allow for increased POSS aggregation. Similarly sized aggregates of three to four 1NB-
POSS molecules were observed when cured at 40 °C. Although the polymerization rate
was decreased, allowing more time for POSS to phase separate from the matrix before
gelation, the aggregate size did not increase, revealing that the rate of phase separation
is slower then the rate of crosslinking. This illustrates that POSS stays well dispersed in
the medium, rendering optically clear amber materials.
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Figure 3.5 Wide-angle X-ray diffraction spectra of POSS monomers: (a) 20 wt % 1NB-
POSS, (b) 10 wt % 1NB-POSS, and (c) DCPD homopolymer.
3.3.2 POSS Organic Periphery Dependence
Aggregation of POSS is also dependent on the affinity of POSS in the matrix
material. The affinity of POSS can be altered by changing the organic periphery. The
morphology of three different POSS comonomers polymerized with DCPD were
analyzed. From the previous concentration study, it was determined that PDCPD-POSS
copolymers containing 1 8 wt % added POSS are adequate to allow for phase separation.
The three different POSS monomers studied were the 1NB-POSS with the isobutyl
periphery, Cp-POSS with a cyclopcntyl periphery, and Ph-POSS with a phenyl
periphery. Figure 3.1. In terms of solubility and "like dissolving like", the Cp-POSS
was expected to have the greatest affinity to PDCPD followed by 1NB-POSS and Ph-
POSS. In fact, Cp-POSS and 1NB-POSS dissolve almost immediately in DCPD while
Ph-POSS dissolves more slowly or requires heating. The WAXD spectra for the
80
copolymers are shown in Figure J.6 and parameters are reported in Table 3,3, POSS
aggregation follows expectations. The ( p-!>( )SS copolymer has an extremely weak and
broad reflection centered on 8.2° 20; verifying that Cp-POSS remains uniformly
dispersed throughout the matrix. A slightly more intense reflection is observed for the
INB-POSS copolymer. Again the reflection is centered at 8.2" 20 and the aggregates
are composed of lour lo five I NH-1M )SS moieties. The most extensive aggregation
occurred for the Ph-POSS copolymer. An intense reflection is observed a1 8.2° 20 with
a shoulder centered at 8.5° 20. Additionally, a reflection al 20.0° 20 is visible, bul
convoluted with the amorphous scalier of PIXTl). The precise nature of the 8.5" 20
reflection is unknown, it is likely due io a slight change in packing or the formation of a
second crystal structure, both caused by the PDCPD matrix. Evidence lor a second
crystal structure come from the reported crystallographic analysis of octaphenyl-POSS,
in which two different crystal structures, triclinic and monoclinic, were found to
coexist.
'
II is possible Ilia! during the reaction and phase separation of Ph-P< >SS in
IMXTI ) an additional crystal structure formed. The aggregate size, as determined from
the 8.2°20 reflection, is 5 ) nm or approximately 30 mSS molecules. The Ph-POSS
aggregates are the largest found in PDCPD copolymers, Because of the low affinity of
(he phenyl groups lor the P] )( Tl ) matrix, the rale of phase separation of I*( )SS is
similar to, or greater than, the rate of polymerization, allowing for the formation of
larger P( )SS aggregates. These observations are similar lo, bill opposite of, what was
found for an amine cured epoxy based on hisphenol A. In that study epoxy
functionalized POSS with an isobutyl periphery was cured with the epoxy resin. Since
isobutyl-P< )ss is soluble in the diamine and insoluble in the epoxy resin, addition of the
SI
epoxy to the amine/POSS mixture caused phase separation into a POSS rich phase and
an epoxy rich phase that contained small POSS aggregates. Phase separation was due to
the immiscibility of the isobutyl-POSS with the bisphenol A. It was suggested that a
more soluble or compatible phenyl-POSS would not undergo gross phase separation and
would form more uniform and controlled nanometer sized aggregates. The PDCPD
results confirm this hypothesis.
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Figure 3.6 Wide-angle X-ray diffraction spectra of PDCPD-POSS copolymers 18 wt %
added POSS: (a) Ph-POSS, (b) 1NB-POSS, (c) Cp-POSS, (d) PDCPD.
Table 3.3 WAXD analysis of POSS aggregates in PDCPD-POSS copolymers.
Polymer 20 (degrees) J-spacing (A) L(nm)
PDCPD 17.1 5.2 5.8
18 wt% Cp-POSS 8.2 10.8 n.d.
18 wt% 1NB-POSS 8.4 10.5 4.7
1 8 wt % Ph-POSS 8.2 10.8 33.1
8.5 10.5
11.3 7.9
20.0 4.4
82
3.3.3 POSS Functionality Dependence
The final factor affecting the morphology of POSS in PDCPD is functionality.
By changing the number of reactive groups on POSS, the rate at which it is polymerized
and therefore confined by the matrix increases. Three different POSS molecules each
with an isobutyl periphery were analyzed, nonfunctional!zed octaisobuty-POSS,
monofunctional 1NB-POSS, and trifunctional 3NB-POSS, Figure 3.2. Before
commenting on the aggregation of these POSS molecules in the PDCPD matrix, the
'
differences observed for the POSS structures need to be addressed. To some extent, the
conclusions of the erystallographic Cp-POSS monomer study that the norbornenyl-
POSS has a self-similar geometry to its nonfunctional analogue, holds true. 80 This can
be observed between the 8iBu-POSS and 1NB-POSS molecules, Figure 3.7. As
received, the 8iBu-POSS molecules is more crystalline then 1NB-POSS monomer.
While the four main reflections are observable and have similar intensity, numerous
intense higher-order reflections are apparent for 8iBu-POSS. In addition a reflection at
9.1° 29 with a J-spacing of 9.7 A is observed. The nature of this reflection is possibly a
second crystal structure. It has been shown for w-octapropyl-POSS that hexagonal and
triclinic crystal structures co-exist.
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It is possible that 8iBu-POSS also has two crystal
structures, giving rise to the additional reflection. For 1NB-POSS fewer higher order
reflections are observed. Finally, the 3NB-POSS monomer is noncrystalline. In fact.
3NB-POSS is a viscous liquid since the three-norbornenyl groups, each of which can be
either exo or endo, hinder crystallization. Since each POSS molecule has a different
crystallinity, the affects of functionality on aggregation in PDCPD can be addressed.
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Figure 3.7 Wide-angle X-ray diffraction spectra of POSS monomers: (a) 8ibu-POSS,
(b) 1NB-POSS, and (c) 3NB-POSS. Vertical dashed lines are at 8.2°, 11.0°, 12.1°. and
19.0° 29.
Without reactive functionality, 8iBu-POSS phase separates freely from the
PDCPD matrix. As compared to the other POSS systems, the 8iBu-POSS composite
was partially opaque, even at only 10 wt % added POSS. The WAXD spectra are
shown in Figure 3.8 and parameters are listed in Table 3.4. The 8.2°, 9.1°, and 1 1 .3° 29
reflections are clearly visible. The size of the aggregates were determined to be 61 nm
or approximately 60 POSS molecules. Although 8iBu-POSS is readily soluble in
DCPD, it is free to diffuse throughout the PDCPD matrix until gelation freezes the
morphology. Although each of the isobutyl POSS analogues are highly soluble in
DCPD, thermodynamically it is unfavorable for POSS to stay uniformly dispersed
through out the matrix. By adding a reactive functional group to POSS, 1NB-POSS. the
reaction of POSS to the PDCPD matrix prohibits phase separation. By further
increasing POSS functionality, 3NB-POSS, aggregation is suppressed. At 18 wt %
84
3NB-P0SS incorporation, only a weak broad reflection is observed. When 43 wt %
POSS is added to the matrix, a reflection similar to the 1NB-POSS copolymer is
observed. Although 3NB-POSS can be attached to the matrix possibly three times, the
functional groups are located on only one corner of POSS cube making it structurally
similar to 1NB-POSS. Therefore, at high 3NB-POSS concentrations, phase separation
occurs forming aggregates similar in size to 1NB-POSS.
Figure 3.8 Wide-angle X-ray diffraction spectra of PDCPD-POSS copolymers with
isobutyl POSS: (a) 10 wt % 8iBu-POSS, (b) 18 wt %1NB-P0SS, (c) 18 wt % 3NB-
POSS, (d) PDCPD homopolymer.
Table 3.4 WAXD analysis of POSS aggregates in PDCPD-POSS copolymers.
Polymer 29 (degrees) d-spacing (A) L(nm)
18 wt% 1NB-POSS 8.4 10.5 4.7
43 wt% 1NB-POSS 8.7 10.2 4.7
18 wt%3NB-POSS 8.5 10.5 n.d.
43 wt % 3NB-POSS 8.3 10.6 4.8
10 wt% 8iBu-POSS 8.2 10.8 61.2
9.1 9.7
11.3 7.9
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3.3.4 Conclusion
The wide-angle X-ray studies help create a picture of the aggregates found in
PDCPD. It is proposed that a crystal lattice similar to that determined for polyethylene-
POSS copolymer is found in PDCPD-POSS copolymers.46 For PE-POSS it was
determined that the polymer constrained the POSS molecule on one side of the cube
making it improbable that a 3-dimensional (3D) structure could form. The WAXD data
for PE-POSS was consistent with a 2-dimensional (2D) lattice. A similar 2D lattice can
be envisioned for PDCPD-POSS materials, Figure 3.9. On the basis of diffraction
peaks, for most of the PDCPD-POSS copolymers the ^-spacing decreases over that of
the POSS monomer crystal. In the two-dimensional structure proposed, the polymer
chain is excluded from the POSS aggregate allowing the POSS moieties to pack more
closely. In the monomer crystal, the larger norbornenyl groups are incorporated into the
lattice, slightly increasing the <i-spacing. This phenomenon is also supported by the
3NB-POSS copolymers. The monomer cannot crystallize because of the norbornenyl
isomers. When 3NB-POSS is copolymerized at a concentration high enough to allow
for phase separation, aggregates similar to those found in 1NB-POSS copolymers form.
Although 3NB-POSS has three possible polymer constraints, all are located on the same
side of the monomer. Therefore, the 1NB-POSS and 3NB-POSS moieties are
essentially identical, supporting the proposed lattice arrangements. When the less
soluble Ph-POSS is incorporated into the PDCPD matrix, larger aggregates are formed
and the WAXD spectra show the same increases in d-spacing. As opposed to the very
small 1NB-POSS aggregates, these aggregates resemble those found in PE-POSS, in
which the 2D POSS aggregates have grown in 2D layer sheet structures.
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These studies give some insight into the ways in which the PDCPD matrix can
be modified with POSS. By controlling the concentration, functionality, and organic
periphery of the POSS moiety, the aggregation ofPOSS can be controlled and regulated.
Morphologies ranging from uniformly dispersed single POSS molecules, to larger POSS
aggregates, to the number of similarly sized aggregates can be attained.
POSS
Aggregate
DCPD Matrix
figure 3.9 Schematic of the two-dimensional POSS aggregates and crystal lattice.
3.4 Physical and Mechanical Properties of Isobutyl-POSS
As discussed, the 1NB-P0SS and 3NB-POSS offer a range of morphologies at
relatively low POSS loadings. Additionally, the nature of their reactive functionality,
either mono-norbornenyl or tris-norbornenyl, allows characterization of the crosslinking
nature of each POSS. Through comparisons of the two POSS systems, the effects of
POSS aggregation and crosslinking are addressed.
3.4.1 Crosslink Density of Isobutyl-POSS
Copolymer density increased linearly with POSS loading for both monomers.
fable 3.5. The densities of the monomers have been estimated to be 1 . 1 3 g em"
3
for
I NB-POSS and 1 .06 g cm"3 for 3NB-POSS. Calculations utilizing these values and the
X7
density of the respective PDCPD homopolymer, reveals that the densities are in
agreement with the rule of mixtures predictions.
Crosslink density was analyzed by equilibrium swelling in ^-xylene at 75 °C in
accordance with literature procedures. 24 For 1NB-POSS the crosslink density decreases
linearly with POSS loading. Table 3.5. This behavior is expected since 1NB-POSS acts
as a chain extender and, more importantly, the POSS cube fills volume in which
crosslinking can no longer occur. The volume of a POSS monomer is approximately 14
nm per POSS molecules, assuming a hard sphere with a diameter of 1 .5 nm. In
comparison, 3NB-POSS behaves as a crosslinking site because of the increased
functionality. The presence of the three-norbornenyl groups increases the crosslink
density linearly with POSS loading. This trend is also reflected in the T„ of the
copolymers. Addition of 20 wt %1NB-P0SS decreases the T
g
from 128 to 1 14 °C. In
terms of crosslink density, it would be expected that the T„ of the 3NB-POSS
copolymers would increase with POSS loading. However, little change is observed in
the T„ of the 3NB-POSS copolymers with respect to PDCPD homopolymer. A recent
report characterizing the affect of POSS content on the Tg of poly(acetoxystyrene-co-
styrylisobutyl-POSS) copolymers give some insights into the observed Tg shifts.
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It
was found that at low POSS loadings, less than three to four mole percent, POSS acts as
an inert diluent, interrupting dipole-dipole interactions. At higher POSS contents,
POSS-POSS interactions dominate as aggregates form, increasing the Tg . Molecular
dynamics simulations of poly(norbornene-co-POSS) (PN-POSS) revealed that chain
packing around the organic periphery had a large influence on Tg. 01 Cyclopentyl-POSS
copolymers show a greater enhancement in Tg than cyclohexyl-POSS copolymers
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because of more efficient packing around the cyclopentyl groups. In the current system,
the organic periphery is composed of flexible isobutyl groups and the maximum POSS
loading is 2.7 mole % added INB-POSS, within the diluent regime. Furthermore, both
1NB and 3NB-POSS stay well dispersed, virtually eliminating POSS-POSS
interactions, allowing the diluent effect to dominate over crosslink density. For 1 0 wt %
added INB-POSS or 3NB-POSS the POSS concentration is not substantial enough to
cause a pronounced decrease in Tg . At 20 wt % of either POSS moiety, the diluent
effect is more pronounced and dominates over the excess crosslinking of the 3NB-POSS
copolymers.
. Copolymer
Density 3
(g cm"
1
)
Density b
(gem" 1 )
Swelling
(%)
V
(°C)
0wt% INB-POSS 1.047 ±0.003 1.047 80±2 129
10 wt% INB-POSS 1.055 ±0.002 1.055 86.3±0.9 128
20 wt% INB-POSS 1 .062 ±0.003 1 .063 90.2±0.2 1 14
0 wt % 3NB-POSS 1.042 ±0.002 1 .042 75 ±1.5 137
10 wt%3NB-POSS 1.044 ±0.002 1.044 70: 1 .4 144
20 wt % 3NB-POSS 1.046 ±0.001 1.046 65±0.5 137
Average density of three samples
Density predieted by the rule of mixtures.
Temperature determined from the peak in the loss modulus curve.
3.4.2 Thermal and Thcrmomcchanical Properties
The diluent nature of the POSS moiety is also apparent from the lower
temperature transitions observed in the PDCPD copolymers. While no new transitions
are observed with the incorporation of POSS, the dynamic mechanical spectra shows
shifts and amplification of the alpha prime (Ta-) and beta (Tp) transitions. Figure 3.10.
For the 1 NB-POSS copolymers, Tu - can be observed as a peak, or shoulder, near the Tg
peak in the loss modulus trace. The T (X ' for PDCPD homopolymer is well defined and
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separated. As POSS loading increases this peak becomes less defined and the peak
temperature slightly increases with addition of 10 wt % but decrease at 20 wt % added
POSS. For the 3NB-POSS copolymers, this transition occurs at a lower temperature
due to the change in DCPD monomer. Table 3.6. As 3NB-POSS loading increases, the
intensity of the Ta. transition increases and the peak shifts to higher temperatures.
Additionally, the Tp transition in both POSS systems intensifies and shifts to lower
temperatures with POSS loading. Mather was able to relate the occurrence of a low-
temperature transition in PN-POSS copolymer (-50 °C for cyclopentyl POSS) to the
organic periphery of the POSS. 85 Although the Tp transition is already apparent in the
PDCPD homopolymer, the shift and amplification is likely influenced by the isobutyl
periphery.
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Figure 3.10 Loss modulus of 1NB-POSS copolymers. Data were attained with an
oscillation frequency of 1 1 lz and a heating rate of 3 °C mill"
.
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Also of interest is the effect of POSS on the storage modulus. For both systems,
the storage modulus below T
g remains constant with respect to the PDCPD
homopolymer. More interesting is the storage modulus above Tg. Storage moduli for
each copolymer at 50
llC above the T
g are listed in Table 3.6. The values are recorded at
a constant temperature above Tg to remove the effects ofTg . In relation to the swelling
behavior, the values are some what scattered. Since storage modulus above Tj
inversely proportional to the molecular weight between crosslinks (Mc) equation 3.2. it
would be expected that the values for the 1NB-POSS copolymer would decrease with
POSS loading while the moduli of the 3NB-POSS copolymers increase with POSS
loading. This was not observed. For 1NB-POSS, there is a large increase in the storage
modulus at 10 wt % loading and the value is similar to PDCPD homopolymer at 20 wt
% loading. For the 3NB-POSS copolymers, an increase in E' would be expected, but
the value drops at 20 wt % loading.
(3 .2)K
Calculation of the molecular weight between crosslinks reveals that the M c
changes by about one DCPD monomer unit (Mw DCPD = 132 g mof') for both POSS
systems. This value is very small in comparison to the molecular weight of a 1NB-
POSS monomer (M, = 937 g mol"
1
) or a 3NB-POSS monomer (M r = 1326 g mof 1 ).
Since these values ofM c and E' are very similar, the values are within the experimental
error of the technique. Therefore, much credence should not be give to the values
reported.
( !opolymer T„ ("(')"
in i 1 1\ i n rue
E] (MPa)"
»>> v. onoi\mors.
M, (g mo] y
0 wt % INB-POSS ()1
-5 IN.} 215
10 wt % INB-POSS 97
-12 30.0 132
20 wt % INB-POSS 89 -24 19.0 203
0 wt % 3NB-POSS 65 -12 30.8 129
10 wt % 3NB-POSS 71 -15 3 1 .9 127
20 wt % 3NB-POSS 78 -19 17.5 ">-)(>
Temperature determined from the peak in loss modulus curve.
b
Storage modulus (E') at Tg I 50 °C.
Values calculated from equation 1.2 and data in Table ! i
Thermogravimetric analysis of the copolymers was performed in both nitrogen
and air, i Inder nitrogen PI )( ri ) homopolj mer undergoes 1 5% mass loss at J00 °<
followed by decomposition al 495 °C, with little char yield, Copolymers oi INB and
1NU-I'( )SS showed similar results with up to 10% mass loss at 100 °( ' and
decomposition at 495 °C with little chat yield, Above 100 °< '. and in N P( )SS
sublimes; accounting for the increase in copolymer decomposition, More importantly, i
has been shown thai P( >ss enhances the thermal oxidative stability ofmanj
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copolymers Therm* mm a\ imetric analysis In air reveals thai PDCPD homopolymei
looses only 6- 10 mass % before decomposing at 455 °C with little char yield, Figure
v 1 1
.
The increased stability ofPDCPD before decomposition is due to oxidative
crosshnking through unsaturations in the backbone. ' The addition of P( >ss does nol
change the main decomposition temperature, bul increases the level <>i decomposition
before 455 °< \ From calculations, 55.5% oi the mass of 1 NH P( )SS monomer is
aliphatic and the remainder inorganic. The thermogram oi I NB P< >ss monomei
reveals that mosl of the aliphatic material is lost by J00
tl
( \ which corresponds to the
plateau in the thermogram. The increased decomposition oi the copolymers before 455
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°C corresponds to decomposition of 1NB-POSS. Figure 3.12 shows that there is good
correlation between the aliphatic mass of the added POSS to the copolymer weight lost
by 455 °C. Analysis of bond strength is in agreement with the loss of the isobutyl
periphery. The silicon-carbon bond is the weakest bond in the copolymer with a bond
strength of 451 k.l mol" 1
. Comparatively, the strength of carbon-carbon bonds is 610 k.l
mol" and the strength of silicon-oxygen bonds is 799 kJ mol" 1
.
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Figure 3.11 TGA traces of 1NB-POSS copolymers in air with a tlow rate of 60 mL
min"
1
and a heating rale of 20 °C min '.
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Figure 3.12 Relationship between the extent of decomposition of the 1NB-POSS
copolymers at 455 °C to the aliphatic mass from 1NB-POSS in each copolymer.
.
In comparison, 3NB-POSS has higher thermal oxidative stability than 1NB-
POSS. Thermogravimetric traces of the monomer reveal that the aliphatic material is
not fully decomposed until 500 °C and the residual inorganic material does not
decompose, Figure 3.13. Compared to the 1NB-POSS copolymers, there is only a small
increase in decomposition of the 3NB-POSS copolymers before 455°C. The additional
decomposition of the copolymers can be accounted for by the decomposition of POSS.
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Figure 3.13 TGA traces of 3NB-POSS copolymers in air with a flow rate of 60 mL
min"' and a heating rate of 20 °C min '.
3.4.3 Mechanical Properties
Addition of POSS, 1NB-POSS or 3NB-POSS, decreases the modulus and yield
stress in tension, and compression, Table 3.7. In tension, these materials yield at
approximately 9% strain, neck, draw, and fail at approximately 25% strain for 1NB-
POSSand 14%sti*ain for 3NB-POSS. The modulus and yield stress decrease with
POSS loading for both systems. In terms of crosslink density, the results for 1NB-POSS
would be expected since crosslink density is proportional to yield stress. For 3NB-
POSS it was expected that the yield stress would increase due to the increase in
crosslink density. This was not observed; the yield stress decreases with POSS loading
but the change is not as significant as with the 1NB-POSS copolymers. Similar results
were found in compression, with the exception that the modulus is decreased by 10%
for both POSS systems and plateaus by 20 wt % added POSS. As opposed to the
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Ultrasonic data, the (ensile and compressive data shows that POSS does change the
mechanical properties of the PDCPD matrix. But, it must be realized that these changes
arc small, 6 - 8%, and the ultrasonic modulus is measured at high rales and low strains,
accounting lor the disparity.
C opolymer
E (GPa) a
(% Change)"
rr v (MPa) ;i
(% Change) 0
1
E(GPa) b
(% Change) 0
ay (MPa)
b
(% Change)"
0 wl % 1NH-
I'OSS
0.93 10.020 60.5 10.5 1.54 ! 0.01 66.4 I 1 .0
10 wt % INH-
POSS
0.87 10.020
(8)
55.1 ±0.2
(9)
1.37 ±0.03
(10)
52.8 10.1
(20)
20 wl % lNli-
I'OSS
0.80 ±0.300
(14)
44.7 10.3
(26)
1 .42J 0.05
(8)
47.8 10.7
(28)
0 wt % 3NH-
POSS
0.89 10.064 52.6 1:0.3 1.36 10.05 71.2 10.2
10 wt %3NB-
POSS
0.83 10.031
(6)
46.0 i 0.3
(13)
1.27 10.02
(7)
65.0 ±0.3
(9)
20 wt %3NB-
POSS
0.758 10.009
(16)
42.5 10.1
(19)
1.24 10.02
(10)
60.6 1:0.2
(15)
Average tensile modulus (E) and tensile yield stress (a
v ).
h
Average compressive modulus (E) and compressive yield stress (a
N ).
Percent change in value as compared to the PDCPD homopolymer reference.
To further investigate the yielding behavior, the thermodynamic properties for
yielding were calculated. The effects of strain rate and temperature on yield can he
Utilized in Eyring's model of solid How to analyze the effect of POSS on the activation
volume (V ), enthalpy (All), and activation energy density (Ea) for yielding, equation
KS 'ill • *
3.3. 1 {yring's model states thai a polymer segment in a stress free state sits in a
potential well wild an energy barrier ofmagnitude of AH. For a polymer segment to
move (o another energy well located at distance 2x, it must overcome this energy
barrier. This is accomplished by applying a shear stress (<JS). The stress shifts the
energy barrier by the quantity -CJ8V*, in which the activation volume is the product of
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the effective area of the polymer segment that moves a distance x, from the initial state
to the barrier. The model assumes that the rate of strain is proportional to the rate at
which the polymer segment passes over the barrier. Additionally, the shear stress is
one-half the yield stress (ay ). The yield stress is temperature and rate dependent and the
activation parameters can be determined from this behavior. For both POSS systems
the expected temperature and rate dependence were observed and the yield stress
decreased with POSS loading. Figures 3.14 and 3.15. The calculated activation
volumes and enthalpies increase and plateau with the addition of either POSS. Table
3.8. This leads to a lower activation energy density for yielding. Therefore, although
3NB-POSS has a higher crosslink density, the copolymer has lower activation energy
density and thus the material yields more easily regardless of the number of reactive
groups. Therefore, POSS behaves much like a conventional plasticizer in a thermoset.
By incorporating POSS, into the PDCPD matrix, the thermal transitions and yield stress
of the copolymers decreased due to the increased segmental motions of the PDCPD.
y _
( 2
)
f AFP
+ 2.303 R log
I V* J { T j
(3.3)
l)7
0.24
1
i r-
298 323 348
Testing Temperature (°K)
Figure 3.14 Temperature dependence of the yield behavior in compression of 1 NB-
POSS copolymers. Similar yield behavior is observed for the 3NB-POSS copolymc
Figure 3.15 Rate dependence of the yield behavior of 1NB-POSS copolymers. Similar
yield behavior is observed for the 3NB-POSS copolymers.
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Copolymer
V*
(nnvV
All
(kJ morV
copolymers.
Ea
(kJ run"3)
8
0 wt % 1NB-POSS 3.17 265.0 83 6
10 wt % INB-POSS 4.82 325.0 67 4
20 wt % INB-POSS 4.74 330.8 69.8
0 wt % 3NB-POSS 3.17 248.7 78.4
10 wt%3NB-POSS 4.31 28 ().3 67.1
20 wt % 3NB-POSS
/• \ i
4.24 269.
1
63.4
ot solid How; V* activation volume of yielding, All enthalpy of
yielding, Ea activation energy density of yielding.
in
Since the yield stress of these materials decreases with POSS loading, a
increase in fracture toughness would be expected. Before analyzing the effect of POSS
on the fracture toughness, the critical stress intensity factor (k u ) of PDCPD
homopolymer cured at different temperatures was measured. These testes were initially
planed as an exercise in order to be able to perform k K tests on the copolymers without
wasting material. 1 lowever, an interesting result was discovered. The k u increased
with increasing polymerization temperature, Figure 3.16. To further evaluate fracture
results, optical micrographs of the fracture surface and process zone were analyzed. As
the polymerization temperature was increased, the size of the process zone and the
amount of damage to the fracture surface both increased, figure 3.17. The optical
images show that as temperature increases PDCPD yields and irreversible damage
occurs, dissipating energy. At lower polymerization temperatures, the crosslink density
is not great enough to make a tough material. Without the added crosslinking, the
I
)(
'PI ) ring system is rigid and bridle. By curing ;ii ;i higher temperature, the
crosslinking is increased, opening more of the rigid cyclopentyl rings, increasing the
toughness of the network.
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Figure 3.16 Change in fracture toughness and process zone width of PDCPD
homopolymer with polymerization temperature. Trend lines are placed through the data
for clarity.
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Figure 3.17 Optical microscope images of the process zones and fracture surfaces of
PDCPD compact tension specimens cured at different temperatures. Process zone
images are taken under cross polarizers at 5x magnification and fracture surface images
are taken at lOx magnification.
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PDCPD-POSS copolymers were cured at 60 °C, to maximize the toughness of
the PDCPD matrix, liven though the yield stress of each Copolymer decreases, the
critical stress intensity factor reveals that the toughness also decreases with 1>()SS
loading, irrespective of the type ofPOSS, Table 3.9. Once again optical microscope
images of the fracture surface and process /one were analyzed. Micrographs of PI )CPD
homopolymer show thai yielding and irreversible damage have occurred. There is a
large process /one, image A Figure 3.18, and definite damage to the fracture surface,
image A figure 3.19. for the 1 NB-POSS copolymers, the size of the process /one and
the irreversible damage decrease with POSS loading, images It f igures 3. IX and 3.19.
At 20 wt % added I NB-POSS there is no apparent sign of yielding and little damage,
images (' f igure 3.18 and 3.19. Since fracture toughness is enhanced by yielding and
irreversible damage, these observations are in agreement with the measured decrease in
toughness. It is hypothesized that the decrease in toughness is due to the lack of
covalent bonding and load transfer between the POSS moieties in the aggregate. If this
is the ease, the aggregates on the fracture surface should be destroyed. This hypothesis
was evaluated by looking at the fracture surface by TEM. The fracture surface was
microtomed at a thickness of 30 urn and observed by TEM. POSS aggregates or
electron-diffraction from isolated POSS aggregates were not observed. Similar results
were obtained for specimens taken from un-yielded portions of the sample. Therefore,
TPM analysis was inconclusive. Optical microscope images of the 3NB-POSS
copolymers reveal that yielding and irreversible damage occurred at all P( )SS loadings,
images I) - F figures 3.18 and 3.19. Although the 3NB-POSS copolymers show a
similar decrease in toughness as the 1 NB-P( )SS copolymers, a similar trend in yielding
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and damage is not observed. The lower fracture toughness, in conjunction with the
decrease in yield stress, suggests that a decrease in the cohesive strength of the polymer
occurs with commensurate increase in POSS loading. Even though 3NB-POSS may
react with the matrix three times, the covalent attachments are all located on one side of
the POSS moiety. Therefore, a larger surface area of the POSS cube does not have a
means to transfer load to the matrix, decreasing the toughness and strength the
copolymer.
Copolymer K, c (MPam 1/2 ) Process Zone Width (mm)
0 wt% 1NB-POSS 2.2±0.2 0.73
10 wt% 1NB-POSS 1 .6+0.3 0.33
20 wt% 1NB-POSS 1.4 0.07
0 wt % 3NB-POSS 2.0±0.2 0.73
10 wt%3NB-POSS 1.6+0.1 0.76
20 wt % 3NB-POSS 1.50±0.04 0.88
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Figure 3.18 Optical microscope images of the compact tension specimens' fracture
surface under cross polarizers at 5x magnification. Images A - C are of 1NB-POSS
copolymers (A) 0, (B) 10, (C) 20 wt % POSS. Images D - F are of 3NB-POSS
copolymers (D) 0, (E) 10, (F) 20 wt % POSS.
D E F
Figure 3.19 Optical microscope images of the compact tension specimens' process zone
under cross polarizers at 5x magnification. Images A - C are of 1NB-POSS copolymers
(A) 0, (B) 10, (C) 20 wt % POSS. Images D - F are of 3NB-POSS copolymers (D) 0.
(E) 10. (F) 20 wt%POSS.
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3.4.4 Conclusions
PDCPD-co-POSS copolymers are a unique class of organic-inorganic thermoset
copolymers. The ROMP synthetic methodology allows for synthesis ofcovalently
bonded inorganic moieties that either reduce or increase the crosslink density of the
matrix. The thermal and mechanical reinforcement that is characteristic of linear
copolymers with POSS is not observed in this system. Because of the lower thermal
stability of POSS the thermal oxidative resistance of the copolymer is reduced over that
of PDCPD homopolymer. It was found that POSS behaves much like a conventional
plasticizer in a thermoset. By incorporating POSS, either 1NB-POSS or 3NB-POSS
into the PDCPD matrix, the thermal transitions, modulus, and yield stress, in tension
and compression, of the copolymers decreased, irrespective of the crosslink density.
The plasticity imparted by POSS is caused by increased segmental motions of the
PDCPD matrix as observed by the decrease in the thermal transitions and energy
required for yield. These changes are accompanied by a commensurate decrease in
fracture toughness. For 1NB-POSS, the decrease in toughness is in agreement with the
reduction in irreversible damage occurring during fracture. For the 3NB-POSS
copolymers, yielding and irreversible damage are observed at all loadings. The decrease
in toughness may be due to a decrease in cohesive strength with POSS loading. The
results suggest that the nature of the organic periphery and the overall size of the POSS
moiety have a greater influence on the properties of the copolymers than the
crosslinking nature of the reactive group.
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3.5 Dielectric Enhancement of PDCPD with Isobutv l-POSS
3.5.1 Introduction
A number of reports comment on the effects ofPOSS incorporation on the
dielectric constant of polyimides.78'89 Often, the dielectric constant (*) of a polymer is
decreased by incorporating POSS. It is theorized that the large Tree volume enclosed by
the POSS cage is responsible for the observed dielectric enhancement. 78 In addition.
POSS often lowers the density of the copolymer because ofinefllcient packing around
POSS molecules or aggregates. For example, a polyimide-POSS copolymer with
monofunctional Cp-POSS tethered to the backbone increased the relative porosity by
1 5.2% while decreasing the dielectric constant 28% from 3.35 to 2.40. This is a
remarkable enhancement for a copolymer. Only fluorinated polymers and polyolel
have lower dielectric constants. These copolymers are approaching the low dielectric
constants, k < 2.2, needed for future semiconductor technology.90 POSS copolymers
offer another method of making low k materials through incorporation of nanopores.
Nanoporous materials take advantage of the low dielectric constant of air, k= 1 . by
incorporating a large number of pores in the matrix. The dielectric constant is reduced
in accordance to the volume ratio of pores. Common methods for making nanoporous
materials involve polymerizing an organic pore generator into a silsesquioxane
matrix. ' The organic pore generator, or porogen, is then thermally decomposed,
leaving a pore. I iterature reports show that the dielectric constant of a silicon matrix
can be reduced from approximately 4 to 2.2.'"
Dicyclopentadiene is also of interest for use in decreasing the dielectric constant
of a polymer. " I .poxy systems arc of interest for dielectric materials for their .strength
ins
1C
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and thermal resistance. In the case of phenol based epoxies. the polarizability of the
phenol and the moisture uptake are detrimental and lead to higher k. One way of
overcoming these drawbacks is to incorporate aliphatic segments into the thermoset.
The aliphatic component decreases water absorption and polarizability of the polymer,
thereby decreasing the dielectric constant. For a thermoset system in which bisphenol A
was replaced with a bis(phenol)dicyclopentadiene Novolac. the dielectric constant was
reduced by 28% from 3.86 for the BPA to 3.06 for DCPD.93 Although this is not in the
low k realm, it displays another method by which to alter dielectric constant of a
material.
The ROMP of norbornene has been used to synthesize polyolefin layers on a
gold substrate to construct field effect transistors (FET).94 Layers of polynorbornene
were grown from the surface of a gold substrate on which a monolayer of
norbornenylethylthiol was attached. By exposure of the norbornenyl modified gold
surface to a solution of Gl or G2 and norbornene, polynorbornene layers of thickness
ranging for 1 00 nm to 2 (am were synthesized. The polynorbornene layers act as a
dielectric material to insulate the FET. This polymerization technique and resulting
polymer show promise for use in FETs for the ease of synthesis, control of layer
thickness, and current-voltage characteristics.
The PDCPD-POSS copolymer exploits both aforementioned systems of
dielectric enhancement. The dielectric constant of PDCPD is reported as 2.9. tb This
value is well below that of current silicon technology, k « 4.0.% By copolymerizing
POSS with DCPD, the porosity of the PDCPD matrix can be enhanced. It should be
mentioned that PDCPD is most likely not an ideal material for low k applications due to
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issues, such as residual eatalysl and thermal stability. However, the thermal stability of
the PI )( :PD-POSS copolymers offers an interesting approach to the synthesis of low k
materials. The low thermal stability ofthe silieon-earbon bond causes the organic
periphery ofPOSS to decompose before the matrix. Therefore, POSS decomposition
may form a pore in the PDCPD matrix, further reducing the dielectric constant of the
copolymer.
3.5.2 Dielectric Constant of PDCPD-POSS Copolymers
As with other polymers, the addition of POSS lowers the dielectric constant of
the PDCPD matrix, f igure 3.20. At the highest loadings of POSS, the dielectric spectra
over a frequency range of 111/ 1 Mil/ is decreased with little change in the shape of
the curve. PDCPD homopolymer film has a k of 2.97 at 1 kHz, Table 3.10. Thisvaiue
is in agreement with literature values for PDCPD.95 The dielectric constant is higher
than other oiefmic polymers (PE 2.3 97 ), because of the residual unsaturalion in the
backbone. The largest decrease in k is observed for the 1NB-POSS copolymers. At 1
kHz, k drops 6% with the addition of 1 8 wt % 1NB-P( )SS and 1 7% with the addition of
the solubility limited amount of 1 NB-POSS. The change in k for 3NB-POSS
copolymers is not as remarkable. With the addition of 43 wt %, the dielectric constant
is decreased by only 6%. Dielectric enhancement is often attributed to an increase in
free volume from the pore in the POSS moiety. This volume is estimated to account for
4.8% of the total volume of POSS. The relative increase in porosity can be calculated
by equation 3.4, where <|> is the relative porosity increase, p, and pM are the theoretical
and measured densities of the copolymer and V% is the volume fraction of POSS in the
copolymer. The first term in the equation accounts for changes in free volume due to
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packing. Since the copolymers follow a rule of mixtures change in density, there is
contribution to free volume. Any increase in porosity is therefore due to the POSS core.
The volume percentages of POSS in each copolymer and the respective increases in
porosity are listed in Table 3.10. The added porosity from the POSS moiety is quite
small and cannot account for the observed decrease in k. The dielectric constant of
POSS has been estimated to be 2.1
.
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The measured values correlates well with
theoretical values calculated using a rule of mixtures. In addition to the added free
volume of the POSS pore, POSS may change the polarizability of the copolymer.
Incorporation of POSS into the PDCPD matrix changes the number of double bonds per
unit volume. This can decrease the polarizability of the material therefore decreasing
the dielectric constant. For example, the dielectric constant of polynorbornene (PNB)
polymerized by coordination polymerization, thereby eliminating all double bonds, is
2.2. This hypothesis is supported by the data for the 3NB-POSS copolymers. The
values for the 3NB-POSS copolymers are slightly higher than the theoretical values.
This may be due to the fact that there are three double bonds added to the matrix per
molecule of 3NB-POSS. In comparison, only one double bond is added to the matrix
with the addition of 1NB-POSS. The added double bonds facilitate electron transport
through the 3NB-POSS copolymers, increasing the dielectric constants.
Pt-Pm 100%+ (0.048*V%) (3.4)
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Figure 3.20 Dielectric spectra of PDCPD-POSS copolymers: (a) PDCPD, (b) 43 wt %
3-NB-POSS, and (c) 43 wt% 1NB-POSS.
Table 3.10 Dielectric constant of PDCPD-POSS copolymers.
18 wt% 18 wt% 43 wt % 43 wt %
Frequency DCPD 3NB-POSS 1NB-POSS 3NB-POSS 1NB-POSS
1.2 Hz 3.04 2.92 2.91 2.86 2.50
1.0 kHz 2.97 2.87 2.80 2.80 2.45
1.3 MHz 2.90 2.80 2.74 2.69 2.40
Volume (%) a 14.8 14.1 29.7 28.7
Porosity (%)b 0.71 0.68 1.42 1.37
Theoretical k
c
2.78 2.78 2.66 2.66
a Volume percent of POSS in the PDCPD matrix.
Values calculated from equation 3.4, using the measured density of the copolymer and
the density of 1NB-POSS as 1.13 gem" 1 and 3NB-POSS as 1.06 gem" 1 .
c
Values calculated from the rule of mixtures using k=2A at 1 MHz for POSS and k =
2.90 at 1 MHz for DCPD 79
Another important property of dielectric materials is the coefficient of thermal
expansion (CTE). Dielectric materials are often subjected to extreme temperature
changes that can easily damage the material or cause delamination from the substrate.
Therefore, the effect of POSS on the CTE of PDCPD was analyzed. Addition of either
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POSS monomer to PDCPD has little or no effect on CTE, f igure 3.21. The CTE for
PDCPD is 78 pin m" 1 V and is in agreement with literature values.95 The only change
in CTE is observed for the 43 wt % 3NB-POSS copolymer, in which a slight decrease to
67 urn m" 1 °C ] is observed. These results reveal that the PDCPD matrix can be
modified by POSS incorporation with little affect on the CTE. In general, this suggest
that the dielectric constant of a matrix can be modified in a controlled fashion by
addition of 1NB-POSS or addition of a suitable analog of 1NB-POSS without affecting
the CTE.
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Figure .1.21 Coefficient of thermal expansion for PDCPD-POSS copolymers.
3.5.3 Dielectric C onstant of PDCPD-POSS Copolymers after POSS Decomposition
Many of the experimental low k materials are made by polymerizing a pore
generator (porogen) with the matrix and then thermally decomposing the porogen,
leaving a nanoscopicly porous matrix. This requires the matrix to be more thermally
robust than the pore generator. PDCPD-POSS copolymers contain these thermal
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characteristics. The isobutyl periphery ofPOSS decomposes before the PDCPD matrix.
Although the silicon cage is not decomposed during degradation, removal of the
isobutyl periphery would increase the free volume of the matrix, further reducing the
dielectric constant.
Thermogravimetrie analysis studies were performed on the POSS monomers to
determine the minimum temperature and duration of thermal exposure required to
decomposed the isobutyl periphery, Figure 3.22. It was determined that 20 minutes at
350 °C would decompose POSS with little effect on the PDCPD matrix. The
temperature profile for the TGA experiment is displayed as the dotted line in figure
3.22, in which the temperature was ramped at 25 °C min" 1 to 350 °C and then
maintained. The decomposition of 1NB-POSS is faster and more complete. By the
time the temperature reaches the 350 °C isotherm, the maximum decomposition of
POSS has been attained. Comparatively, after 20 minutes at the same temperature
profile, the PDCPD matrix loses only 5% mass. These results are confirmed by running
standard TGA experiments on the copolymers before (unburned) and after (burned)
thermally treating the film as outlined. If POSS was thermally decomposed during the
heating cycle, the burned sample should have better thermal stability than the unburned
sample. It was found that the burned samples were in fact more thermally stable than
the unburned samples, Table 3.1 1. The PDCPD matrix undergoes an additional 4%
mass loss during thermal treatment. As would be expected from the TGA traces of the
POSS monomers, greater thermal stability was observed for the 3NB-POSS copolymer
than the 1NB-POSS copolymer. This means that thermal treatment of 1NB-POSS more
efficiently removes the isobutyl periphery.
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Figure 3.22 Decomposition of PDCPD homopolymer and POSS monomers at 350 °C in
air.
Since the silicon cage does not decompose during thermal treatment, the WAXD
spectra of the 43 wt % copolymers were analyzed. The initial spectra for both samples
shows a very broad reflection from the small POSS aggregates centered at 8.2° 20.
After burning the samples, similar diffraction patterns were observed. The ^-spacing
and crystal sizes did not change after both 1NB-POSS and 3NB-POSS were
decomposed. It was expected that removal of the isobutyl periphery would cause the
POSS cages to aggregate in the newly formed pore, decreasing the ^-spacing. This was
not observed. But, the precise chemical nature of the remaining silicon cage is
unknown. Once the silicon-carbon bond between the isobutyl group and the silicon
cage is broken, the silicon atom must react with something, either oxygen or other
silicon atoms, to form a stable species. In terms of WAXD, the stable silicon species
maintains the ^-spacing without forming a discrete pore. But, since the PDCPD
copolymers follow a rule of mixtures change in density, the PDCPD network and
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isobutyl periphery must interdigitate in a manner similar to the isobutyl periphery of, he
POSS crystal. Therefore, after decomposition ofthe isobutyl periphery, the free volume
of the matrix surrounding a POSS molecule
dielectric constant.
or aggregate increases, lowering the
Property DCPD
ivii ui I i,v 11 J-I K CO
43 wt % 1NB-
POSS
joiymers.
43 wt %3NB-
POSS
Parent Burned" Parent Burned" Parent Burned"
Mass(%) a 83.5 87.9 71.7 81.7 68.0 75.8
c/-Spacing (A) 10.8 10.7 10.6 10.7
Size (nm) b
lii U.i.iii 1 .
4.7 4.7 4.8 5.1
Percent of mass lost at 460 °C in N 2 .
Average aggregate size as determined from WAXI) using Scherrer's equation.
The dieleetrie constant ofPDCPD-POSS copolymers decreases after POSS
decomposition. By decomposing POSS, the dielectric- spectra of the copolymers are
unchanged, other than a decrease in k, figure 3.23. Thermal treatment ofPDCPD
homopolymer causes approximately a 2 - 3% change in the dielectric constant due to
either increased free volume from the loss of residual DCPD or reaction of some of the
unsaturations decreasing polarizability, Table 3.12. Decomposition of 3NB-POSS has
less of an effect on k than 1NB-POSS. There is only approximately a 3% change in k
for the decomposition of 3NB-POSS. These values are similar to the change observed
for the PDC PD matrix. As might be expected from the decomposition data, 3NB-POSS
does not effect a dramatic change in k. Comparatively, decomposition of 1NB-POSS
further enhances k. Decomposition of the 43 wt % 1 NB-POSS copolymer decreases k
by 9% to 2.23 at 1 kl Ix. A dielectric constant of 2.23 is very remarkable. Most studies
have reduced the dielectric constant of a silicon matrix by inclusion of a thermally
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degradablc organic pore generator. The PDCPD-POSS system is effectively reversed; a
thermally degradable silicon based pore generator modifies a more thermally robust
organic material.
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Figure 3.23 Dielectric spectra of PDCPD-POSS copolymers after decomposing POSS
at 350 °C: (a) PDCPD (b) PDCPD burned, (c) 43 wt% 3NB-POSS burned, and (d) 43
wt%-lNB-POSS burned.
Table 3.12 Dielectric constant of PDCPD-POSS copolymers after decomposition.
1 8 wt % 1 8 wt % 43 wt % 43 wt %
Frequency DCPD 3NB-POSS 1NB-POSS 3NB-POSS 1NB-POSS
1 .2 Hz 2.93 2.78 2.65 2.77 2.24
1 .0 kHz 2.89 2.75 2.64 2.76 2.23
1.3 MHz 2.77 2.70 2.63 2.58 2.21
3.5.4 Morphological Insights from PDCPD-Octaisobutyl-POSS
Transmission electron microscopy (TEM) of the 1NB-POSS and 3NB-POSS.
copolymers were fruitless. A range of options were tried for both microtoming the
samples to TEM voltage. Initially, and without success, the films utilized in the
dielectric studies were incased in epoxy and microlomed. Due to low adhesion between
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the PDCPD copolymer and the epoxy matrix, adequate samples were not obtained. In
comparison, uniform sample were obtained by microtoming blocks of PDCPD
copolymer. TEM images, both 100 kV and 200 kV. show only homogenous films for
both 1NB-POSS and 3NB-POSS copolymers, with and without thermal degradation. Il
is concluded that there is not enough contrast between POSS and the PDCPD matrix to
see the aggregates. Low contrast is very possible since the densities between PDCPD
and POSS monomer are very similar, 1 .03 g cm" 1 versus 1 .06 g cm" 1 . Additionally,
from the aggregate model developed from the WAXD data, the 5 nm aggregates are
small 2D sheets, which would further reduce contrast. Field emission electron
microscopy was used to image the surface of the microtomed samples in order to
compare the unburned copolymer to the burned copolymer. These results were also
fruitless. At 5 nm, the size scale is approaching the limit of SEM and more importantly,
any possible features were disguised by the gold coating. Even at very thin coatings of
gold, the grain size of the coating was on the size scale of the expected features.
Therefore, the morphology observed by SEM was an artifact of the gold coating.
To gain some insight into the morphology of the burned copolymer films, the 10
wt % 8iBu-POSS composite was analyzed. Although it was not possible to synthesize
8iBu-POSS copolymer films suitable for dielectric spectroscopy, the morphology of the
bulk samples could be addressed. In terms of film preparation, incorporation of 8iBu-
POSS could not be controlled. The amount of POSS in the final film could not be
confirmed since a large amount of POSS was excluded from the matrix and left on the
mold. Additionally, the films were not uniform in compositions. A film made from a
solution of DCPD and 2.5 wt % 8iBu-POSS had clear areas, cloudy areas, and opaque
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areas, showing that POSS aggregation was not uniform across the film. At 10 wt %
8iBu-POSS the film was not uniform enough in thickness to allow for accurate
dielectric measurements. This emphasizes the need to copolymerize POSS with the
matrix. Covalently attaching POSS to the matrix allows the morphology to be
controlled and predicted. Uniform blocks of 10 wt % 8iBu-POSS were synthesized and
used for TEM analysis. As opposed to the 1NB-POSS or 3NB-POSS copolymers the
8iBu-POSS system was opaque and white, verifying the microscopic aggregation of
POSS. Aggregates of approximately 500 nm were observed with TEM at 200 kV,
Figure 3.24. The aggregates are generally elliptical in shape with the long dimension
being about 700 nm and the shorter dimension of 400 nm. Since 8iBu-POSS is not
bonded to the matrix, these aggregates are free to grow in three dimensions. The
difference in contrast could be due to the higher density of 8iBu-POSS versus 1NB-
POSS and the 3D nature of the aggregates.
figure 3.24 TEM image of 10 wt % 8iBu-POSS copolymer.
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Thermogravimetric analysis of 8iBu-POSS and 10 wt% 8iBu-POSS PDCPD
composite shows that 8iBu-POSS is more thermally unstable than INB-POSS or 3NB-
POSS monomers. 8iBu-POSS decomposes at 250 °C with only 20% char yield. Figure
3.25. As opposed to the INB-POSS and 3NB-POSS monomers, the silicon cage
structure largely decomposes leaving the prospect for actual pores in the copolymer and
not just additional free volume. The decomposition is reflected in the PDCPD
composite and shows the potential for possible pore formation
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Figure 3.25 Thermogravimetric analysis of 8iBu-POSS monomer and 10 wt % 8iBu-
POSS composite in air.
TEM images of the decomposed 10 wt % 8iBu-POSS composite show that pores
are formed in the film. Figure 3.26. The pores are slightly smaller than the original
aggregates with dimensions of 400 nm by 1 50 nm. The pores also verify that the silicon
cage decomposes. Although the thermodynamics of phase separation of 8iBu-POSS
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does not allow for uniform films and therefore dielectric measurements, this composite
does give some insights into the copolymer systems. The pores generated in this
copolymer verify that POSS decomposition can be used to enhance the dielectric
constant of PDCTD by pore formation.
kiim
Figure 3.26 TEM image of 10 wt % 8iBu-POSS PDCPD composite heated at 350 °C
for 20 minutes.
3.5.5 Conclusion
Similar to other POSS copolymers, the dielectric constant ofPDCPD can also be
enhanced by incorporation of POSS. Since the densities of the copolymers scale
according to a rule of mixtures, there is no additional free volume due to packing. The
free volume increase is strictly due to the pore formed by the silicon cage of POSS. The
volume of the pore has been estimated to be 4.8% of the total POSS volume. This
added free volume, and more importantly, the decreased polari/ability of the POSS
monomer, decreases the dielectric constant of 1 NB-POSS copolymers. Incorporation of
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the maximum amount of 1NB-POSS decreases the dielectric constant by 1 7%.
Incorporation of 3NB-POSS does not dramatically enhance the dielectric constant.
Most likely, the added double bonds of the 3NB-POSS and the more open structure of
the silicone cage diminish the effect. The dielectric constant can be further reduced by
thermally decomposing the included 1NB-POSS. Silicon-carbon bonds are weaker than
carbon-carbon or silicon-oxygen bonds, causing the isobutyl periphery of POSS to
decompose before decomposition of the PDCPD matrix or silicon cage. Decomposition
of 1NB-POSS increases the free volume around the remaining silicone cage, therefore
decreasing the dielectric constant. For the 43 wt % 1NB-POSS copolymer, the
dielectric constant is reduced by 9% over the parent copolymer or a 25% reduction over
that of PDCPD homopolymer. Electron microscopy was unable to image either the
aggregates in the parent copolymer or the pores in the burnt system because of the low
contrast between PDCPD and POSS monomer. But, images of 8iBu-POSS copolymer
display that POSS aggregates can be decomposed, forming pores in the film. These
POSS copolymers demonstrate a new method of attaining low k materials. In this
system a nanoporous material is made from an organic matrix with an inorganic pore
generator, effectively reversing current techniques.
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CHAPTER 4
METATHESIS POLYMERIZATION OF PROCESSABLE SHAPE MEMORY
POLYMERS
4.1 Introduction
Shape memory polymers gain their intrinsic ability to be deformed to a
secondary shape, maintain that shape, and then revert to their initial shape upon
stimulation, from the composition of the parent polymer. To impart a shape memory
effect, a polymer must contain a phase that fixes the parent shape of the polymeric
article and a reversible phase that allows the parent shape to be distorted and fixed in
secondary shape. Ideally, the reversible phase acts on a stimulus that causes the
secondary shape to revert to the parent shape. In the simplest of systems, the fixing
phase is often chemical crosslinks or physical crosslinks and the reversible phase is
crystallization. Polymer crystals act as a thermally stimulated phase in which the
secondary shape is maintained by crystals formed once the secondary shape is
fashioned, Figure 4.1 Cycle A. On heating above Tm , the crystals melt and the parent
shape is elastically recovered.
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Shape
Figure 4.
1
Deformation cycles for permanently crosslinked PCOE SMP, Cycle A, and
reversibly crosslinked PCOE SMP, Cycle B.
Polycyclooctene (PCOE) is an example of an SMP synthesized by ROMP with
(i2 that utilizes crystallization as a reversible switch. 55 A drawback of the system is the
chemical crosslinking that permanently fixes the parent shape. Permanent chemical
crosslinks can be eliminated through incorporation of either reversible chemical
crosslinks or physical crosslinks. Utilization of reversible crosslinks modifies the
processing cycle to include a second step to change the parent shape, Figure 4. 1 Cycle
B. Two reversible chemical reactions that can be used as crosslinks are Diels-Alder
(DA) reactions and anthracene photodimerization. During a DA reaction, a
cycloaddition product of a diene and dienophile is formed at a low-temperature and the
reverse reaction, or retro Diels-Alder reaction (rDA), occurs at higher temperatures.
Diels-Alder crosslinking is ideal for melt processing. If the DA reaction occurs just
above the Tm of the polymer, the polymer article can be annealed above the melting
temperature to form the crosslinks. The polymer is reprocessed by simply heating above
the rDA temperature to revert the DA product back to two monomers. The
uncrossl inked polymer melt can then be fashioned in to another shape and re-
crosslinked upon cooling. As compared to DA reactions, anthracenes dimerize upon
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exposure to radiation greater than 300 nm." On exposure to radiation of wavelengths
less than 280 ran the dimer reverts to two monomers. Anthracene crosslinks would be
useful for systems that do not tolerate high-temperatures. Physical crosslinks are hard
phases, such as a high Tg polymer phase of a bloek copolymer. The hard phase
physically crosslinks the copolymer until heated above Tg. Another type of hard phase
is POSS aggregates. Since. POSS aggregates melt near the decomposition temperature
(300 °C for C'p-POSS) the aggregates physically crosslink the polymer. The parent
shape of the copolymer is changed by dissolving the polymer in a suitable solvent and
reprocessing. Each of the aforementioned chemical and physical crosslinks can be
incorporated into a PCOE backbone by copolymerization of suitably modified
monomer(s) with cyclooctene (COE) catalyzed by the functional group tolerant
ruthenium metathesis catalysts. Therefore, Diels-Alder, anthracene, and POSS
comonomers have been synthesized with olefin substituents and utilized in ring-opening
metathesis copolymerization. The polymer compositions thus obtained have been
evaluated for their shape memory behavior.
4.2 Monomer Synthesis
The ruthenium catalysts can be used to synthesize polyoctenamer by either the
ADMET of 1 ,9-decadiene or by the ROMP of cyclooctene. Figures 4.2 A and 4.2 li
respectively.
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Therefore, comonomers containing the crosslinking moieties; Diels-
Alder, anthracene, or POSS, can be synthesized for use in either polymerization
mechanism. For ADMET polymerizations, the crosslinking moiety needs to be attached
to a diallyl or other diolefin with terminal double bonds.
101 An additional mechanism
utilizing both ROMP and ADMET can also be used. In this methodology, a one step
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synthesis is used in which COE is initially polymerized to high molecular weight by
ROMP and then the PCOE backbone is modified by cross metathesis with an ADMIT
monomer. This polymerization methodology has been termed ring-opening insertion
metathesis polymerization or ROIMP. For example, in a one-pot synthesis, PCOE can
be polymerized and then modified by cross metathesis with a diacrylate. 14 When G2 is
added to a reaction mixture of COE and diacrylate, COE is polymerized at a faster rate
by ROMP and then the diacrylate is cross metathesized into the PCOE backbone at a
slower rate. ROIMP offers an alternative to strict ADMET reactions and allows for post
polymerization modification of a polymer. For the shape memory copolymers, PCOE
can be polymerized by ROMP and then modified by cross metathesis with a diallyl
monomer, Figure 4.2 C. For ROMP, the crosslinking moieties can be attached to
cyclooctenes or norbornenes functionalized in the five position. Copolymerization of
COE and the cycloolefin comonomer directly incorporates the comonomer into the
growing polymer chain, Figure 4.2 D.
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(
I)
R
l
; igurc 4.2 Polymerization mechanism for the synthesis olTCOH and K'Oli
copolymers. (A) ADMET of 1 ,9-decadiene, (B) ROMP ol'COE, (C) ROIMP ofCOE
and a diallyl comonomer, (I)) ROMP ofCOE and a cyclooctene comonomer. In
general, R can he any catalyst compatihle suhstitulent. Specifically, R is maleate, furan,
or anthracene functionality for reversible crosslinking or POSS for physical
crosslinking.
Diels-Alder monomers based on lurans and maleimides or maleates were
synthesized due to their favorable DA and rDA temperatures. Anthracene monomers
based on 9-methyleneanthracene were synthesized. Although these monomers have
slower cycloaddition kinetics than analogues substituted in the two position. ()-
methylene anthracenes are commercial available. Finally, a number of POSS monomers
are commercially available and are known to readily copolymeri/e with COli.
Specifically, C'p-POSS has been shown to copolymcri/e with CO\i and aggregate as
two-dimensional sheets.
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4.2.1 Experimental
All reagents were purchased from Aldrich and used without further purification
unless otherwise noted. Dichloromethane and chloroform were purchased from Fisher
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Scientific and purified by vacuum distillation from calcium hydride. Tetrahydrofuran
and benzene were purified by passing through columns of activated alumina and Q5
copper catalyst under nitrogen. 102 Catalyst G2 was purchased from Strem. All
manipulations involving air and water sensitive compounds were carried out using
standard Schlenk techniques under a dry nitrogen atmosphere. 'H and l3C NMR were
recorded in chloroform-^ or dimethylsulfoxide-J
rt
on a Bruker DPX-300 FT NMR
spectrometer operating at 300 MHz and 75 MHz respectively. HP 5890 Series II Gas
Chromatograph with a HP 5989A Mass Spectrometer was used for GC-MS analysis.
FTIR spectra were recorded as thin films on NaCl plates using a BIO-RAD FTS 1752
FT-IR spectrometer to collect 64 scans.
4.2.2 Synthesis of Diallyl Monomers
Dially maleate was prepared by esterification of maleic anhydride with allyl
alcohol. Figure 4.3 A. The water byproduct was collected in order to drive the reaction
to high conversion. This procedure allows for synthesis of a purely cis isomer for
utilization as the dienophile in the DA crosslinking reaction. Since the boiling point of
allyl alcohol is similar to that of water, additional alcohol was added throughout the
reaction to replace the volume collected.
N,N-diallyl furfurylamide was made in high yield via a nucleophilic substitution
of furfuroic chloride and diallylamine, Figure 4.3 B. The product was purified by
filtering off the pyridinium salt and washing with acidic water. Since, diallyl amines are
known to readily decompose, the purified monomer was stored in a dark freezer.
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After two weeks of storage the light yellow monomer turned dark brown, displaying
signs of decomposition.
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Figure 4.3 Reaction schemes for the synthesis of diallyl comonomers for ROIMP.
Diallyl malonate was prepared, in a similar fashion to the maleate, from diethyl
malonate and allyl alcohol, with ethanol collected as the byproduct. Diethyl malonate
was chosen over malonic acid for its solubility in high boiling organic solvents and the
lower boiling point of ethanol than water. The progress of the reaction was easily
monitored via GC-MS. Additional allyl alcohol was added to the reaction to push the
reaction to higher conversion. Finally, diallyl 9-anthrylmethylmalonate was prepared
following the published procedures for diethyl 9-anthrylmethylmalonate, Figure 4.3
C.
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Recrystallization from methanol was quite slow, requiring a number of days. The
filtrate contained unreacted 9-chloromethylanthracene and product, thus lowering the
overall isolated yield.
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4.2.2.1 Synthesis of Diallyl Maleate (1)
A 250-mL round-bottom flask, equipped with a distillation head, was charged
with 50 mL 1 , 1 ,2,2-tetrachloroethane, 10.03 g maleic anhydride (0.10 mol), and 14.0
mL allyl alcohol ( 1 1 .9 g, 0.20 mol) and a catalytic amount of/Moluenesulfonic acid
monohydrate. The solution was refluxed for 24 h while collecting the water byproduct.
Approximately 94% of the theoretical volume of water was collected. The solvent and
excess alcohol were removed by vacuum distilling. The product was taken up in ether,
washed with aqueous NaCl, passed through a plug of basic alumina, and fractionally
distilled at 1 10 °C under 90 mtorr vacuum. 'H NMR (CDC1 3 ), Figure 4.4: 5 = 4.67 -
4.71 (m, 4 H, CH 2 ), 5.25 - 5.40 (m, 4 H, CH2 vinyl), 5.88 - 6.01 (m, 2 H, CH vinyl),
6.28 ppm (s, 2 H, CH). Ci 0Hi 2O4 (196.20 g mol"
1
) calc: C 61.22, H 6.16; found: C
61.08, H 6.16.
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Figure 4.4 H NMR spectrum of diallyl maleate.
127
4.2.2.2 Synthesis of N-N-I)iallyl Furfurylamide (2)
An oven dried 2-neek 250-mL round-bottom flask, equipped with a distillation
head, was capped with septa and purged with N2 . The apparatus was charged, via a
needle and syringe, with 50 mL dry degassed benzene, 2-furfuroic acid chloride (5.0
mL, 6.6 g, 0.050 mol), and dry degassed pyridine (5 mL, 5.25 g, 0.062mol). To the
rapidly stirring solution was added drop wise diallylamine (6.2 mL, 4.88 g. 0.050 mol)
causing the formation of a white precipitate. The slurry was heated to reflux for one
hour. Once cooled, the pyridinium salt was filtered off and the filtrate was washed with
aqueous NaCl and 5% HC1 solutions. The solvent was removed by evaporation. The
product was taken up in ether, passed through a column of basic alumina, and the
solvent was removed by evaporation. ! H NMR (CDCb) Figure 4.5: S = 4.1 1 (s, broad,
4 1 1, CH 2 ), 5. 1 6 - 5.28 (m, 4 H, =CH 2 ), 5.75 - 5.93 (m, 2 H, =CH-), 6.45 (dd, 1 H. 1
1
4
Furan, J = 3.46, 1.76 Hz). 7.01 (dd, 1 H, H3 furan, .1 = 1.76, 0.82 Hz), 7.45 ppm (dd, 1
H, H 5 furan, J = 1.76, 0.82 Hz). CnHi 3N02 (191.23 g mol" 1 ) calc: C 69.06, H 6.85. N
7.32; found: C 68.88 H 6.85, N 7.20.
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Figure 4.5 'llNMR spectrum of N,N-diallyl furfurylamide.
4.2.2.3 Synthesis of Diallyl Malonate
A 250-mL round-bottom flask equipped with a distillation head was charged
with 30 mL toluene, 20.0 mL diethylmalonate (21.1 g, 0.1 32 mol), 30.0 mL allyl alcohol
(25.6 g, 0.441 mol) and a catalytic amount of/?-toluenesulfonic acid monohydrate. The
solution was stirred at 95 °C for 48 h while collecting the ethanol byproduct.
Approximately 90% of the theoretical volume of ethanol was collected. Toluene and
excess alcohol were removed by distillation. The product was fractionally distilled
under 50 mtorr vacuum. Allyl ethyl malonate was collected at 52 °C and the desired
product, diallyl malonate, was collected at 60 °C. 'i 1 NMR (CDC13): 5 = 3.35 (s, 2 H,
CI 1 2 ), 4.65 (m, 4 1 1, CH 2 ). 5.2-5.5 (m, 4 H, CH 2 vinyl), 5.86 - 5.95 ppm (m, 2 II, CI I
vinyl). C9H12O4 (184.19 g mol"
1
) calc: C 58.69, 1 1 6.57; found: C 58.64, II 6.60.
4.2.2.4 Synthesis of I)iallyl-9-Anthrylmcthylmalonate (3)
Diallyl 9-anthrylmethylmalonate was synthesized according to a modification of
a literature procedure.
"
M A septum capped 50-mL round-bottom flask was charged with
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Nal I (0.070g, 1 7.7 mmol, 60% Nal I in mineral oil) in 3 ml . dry 11 [F at 0 °( I under N2 .
Dially] malonate (0.321 g, 17.4 mmol) was slowly added, the mixture was warmed lo
room temperature, and allowed to react for 30 min. The solution was eooled to 0 V and
charged with 9-chloromethylanthracene (0.3995g, 17.4 mmol) in 3 ml dry 11 [F. The
reaction mixture was warmed to room temperature and stirred for 16 h. The solvent was
removed by evaporation and the yellow viscous liquid was taken up in CH2C12 . The
resulting solution was washed with 5% aqueous HC1, dried over MgSO., and the solvent
was evaporated. The resulting oil crystallized on standing. The product was purified by
recrystalli/ation from methanol lo afford 0.301 5g, 45.5%, of a bright yellow solid, 'l I
NMR (CDCI3), Figure 4.6: 8 = 3.98 (t, 1 11,.I 7.43 II/.), 4.35 (d. 2 II. .1 7.43 11/.),
4.48 - 4.53 (m, 4 1 1, CI [2 allyl), 5. 1- 5.2 (m, 4 1 1, CI l 2 vinyl), 5.65 5.74 (m, 2 1 1, C I 1
vinyl), 7.46 - 7.57 (m, 4 H, H2
,
H3
,
1 1", I I
7
-anlhracene), 8.0 1 (d, 2 11,1 [4 , 1
1
5
-anthracene,
J = 8.32 1 1/), 8.27 (d, 2 1 1, 1
1
1
, I I
s
-anthracene, J = 8.56 1 1/), 8.40 ppm (s, I 1 1, II 10 -
anthracene.). C24H22O4 (374.15 g mof
1
) calc: C 76.99, 1 1 5.92; found: C 76.28, 1 1 5.85.
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Figure 4.6 [H NMR spectrum of dially-9-anthrylmethylmalonate.
4.2.3 Synthesis of Cycloolefin Monomers
Cyclooctene-5-furoate was prepared in a three-step synthesis starting from
cyclooctadiene, Figure 4.7 A. Following procedures published for the synthesis of 5-
hydroxycyclooctene, cyclooctadiene was transformed to the mono-epoxy by reaction
with 3-chloroperbenzoic acid (w-CPBA). 105 Excess cyclooctadiene was used to assure
synthesis of the mono-epoxy. According to GC-MS analysis the product contained
residual cyclooctene, but was not further purified. The cyclooctene-mono-epoxide was
reduced to the alcohol by reaction with a slight excess of LiAlH4. The reaction mixture
was cooled to 0 °C and slowly quenched with water. The salts were removed by
filtration and filtrate was washed with aqueous salt solutions. The product 5-
hydroxycyclooctene was easily purified by column chromatography. Additionally, it
was found that purification could be achieved by vacuum distillation at 100 °C using a
short path distillation head. Finally, the furoate was synthesized by reacting the dry
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alcohol with furoic chloride in the presence of pyridine. Purification was achieved by
recrystallization from isopropanol. The kinetics of crystallization were very slow,
reducing the overall yield of the product.
Norbomene-imide-N-(4-Benzyl-phenyl)pyrrole-2,5-dione was synthesized by
the Diels-Alder reaction of cyclopentadiene and 1,1 '-methylenedi-1.4-phenylene
bismaleimide (bismaleimide), Figure 4.7 B. An excess of bismaleimide and a low
polymerization temperature were used to assure high yield of the mono-
norbornenylimide product. After 24 h of reaction, TLC showed the presence of three
species. The solvent was evaporated and the product was separated by column
chromatography. 'H NMR was recorded in CDC13 and DMSO-t/6 because of over
lapping resonances with the solvent resonance. In CDC13 , the chemical shifts of the
proton of the norbornene ring residing over the alkene and the proton residing over the
imide are well separated. In DMSO both protons occur as one resonance. Analysis
revealed good agreement of the integrals with the mono-norbornenyl product. In
contrast to the NMR spectra, element analysis revealed that there was a substantial
amount of impurity. The discrepancy in C, H, and N are in agreement with a
bisnorbornenyl impurity. Although, TLC showed that the mono and bisnorbornenyl
molecules could be adequately separated, verifying the column chorography results was
problematic because of the low concentration of the bisnorbornenyl. To verify that the
chemical shifts of the mono and bisnorbornenyl products overlapped. 1,1'-
(methylenedi-1 ,4-phenylene)-N-bisnorbornenylimide was synthesized. An excess of
cyclopentadiene and high polymerization temperature were used to favor the formation
of the bisnorbornenyl product. It was found that the solid product was largely insoluble
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in hot ethyl acetate. The product was stirred in hot ethyl acetate and filtered to re:
any bismaleimide and mono-norbornenyl impurity. lH NMR did in fact reveal that the
chemical shifts of the mono-norbornenyl and bisnorbornenyl were identical and slight
errors in integration could be due to a bisnorbornenyl impurity. The mono-norbornenyl
product was then recrystallized from hot ethyl acetate. However, copolymerizations
with cyclooctene lead to insoluble polymer, presumable from residual bisnorbornenyl
acting as a crosslinking unit. Further routes of purification were pursued to no avail.
Norbornene-9-methylanthracene carboxylate was prepared in a one pot
synthesis, Figure 4.7 C. Norbornene-2-acid chloride was prepared by refluxing
norbornene-2-carboxylic acid with excess thionyl chloride in dry benzene. The solvent
and excess thionyl chloride were removed by vacuum distillation, yielding a colorless
oil. The oil was taken up in dry and degassed benzene, and benzene solutions of 9-
methanolanthracene and pyridine were added. A white precipitate formed on the
addition of the pyridine. The pyridinium salt was filtered off and the benzene was
removed by evaporation leaving a yellow solid. The product was purified by
recrystallization from hot methanol.
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Figure 4.7 Reaction schemes for the synthesis of cycloolefin comonomers for ROMP.
4.2.3.1 Synthesis of Cyclooctene-5-Expoxide
A l-L round-bottom llask was charged with cyclooctadiene (25 ml.. 26.07 g,
0. 1 86 mol) that had previously been vacuum distilled from C'al 1 2 . Over a 1 .5 h period,
77% 3-chloroperbenzoic acid, (35.636 g, 0.207 mol) dissolved in 450 mLCHCl3 was
added drop wise. A white precipitate formed immediately. The slurry was stirred over
night at room temperature. The precipitate was filtered and the filtrate was washed with
500 ml, each of aqueous Nal ISO,, Nal ICO?, and NaCl. The solution was dried over
anhydrous NaS04 , filtered, and the solvent was removed by evaporation. The resulting
oil was analyzed by 1TIR and GC-MS. The infrared spectra confirmed the existence of
the epoxy stretch at 935 cm"
1
. ( i( '-MS showed the existence of both eyclooctene-
epoxide and cyclooctadiene. The product mixture was used in the following step
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without further purification. FTIR NaCl plates: 3009 - 2836 cm' 1 CI [, 1 655 cm" 1 C=C,
1486 cm" 1 =CH 2 , 935 cm" 1 epoxy, 862 cm" 1 C-H.
4.2.3.2 Synthesis of 5-Hydroxycyclooctene
The synthesized cyclooctene-epoxy was freeze-pump-thawed three times to
remove any residual CI [Cl3 and water. The oil was then transferred to a dry 250-mL
round-bottom flask, containing a stir bar, and capped with a septum. The flask was
purged with N 2 and charged, via a cannula, with 50 mL ofTHF that had been previously
distilled over sodium. The solution was charged drop wise with 50 ml. 1 .0 M LiAU 1, in
I I If and stirred overnight at room temperature. The resulting solution was chilled to 0
°C and slowly quenched with distilled water. The lithium and aluminum salts were
filtered and washed with ether. The organic layer was separated, dried with MgS04, and
the solvent was evaporated, yielding a colorless oil. The oil was purified by column
chromatography with silica gel as the stationary phase and a hexanes/ethyl acetate
solution (70/30 v/v) as the mobile phase. The product fractions were collected and
reduced by evaporation. Overall yield from cyclooctadiene was 19.43 g, 74.5%. 'l I
NMR (CDC1 3 ): 6 = 5.5 (m, 2 1 1 alkene), 3.7 (m, 1 IT), 2.2 - 1 .2 ppm (11 H). I3C NMK
(CDCb): o = 130.48, 129.84, 72.97, 37.93, 36.70, 26.02. 25.31. 23.18.
4.2.3.3 Synthesis of Cyclooetene-5-Furoate (4)
A two-neck 100-mL round-bottom flask with an attached reflux condenser was
dried, capped with septa, and purged with N 2 . The apparatus was charged, via syringes
inserted through the septa, with 5-hydroxycyclooctene (1.056 g, 8.38 mmol), 10 ml. dry
and degassed benzene, and furoic chloride (0.82 ml., 1 .08 g, 8.29 mmol). On addition
of pyridine (0.66 mL. 0.70 g, 8.32 mmol), previously dried over molecular sieves, a
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white precipitate formed and the slurry was refluxed for 16 h. The reaction was cooled,
filtered, and then washed with 30 mL of aqueous 5% HC1. saturated NaC03 , and
saturated NaCl. The organic layer was separated, dried over MgS04 , and the solvent
was removed by evaporation, yielding yellow crystals. The product was recrystallized
from hot isopropanol yielding 0.8864 g, 61 .68%, of yellow crystals. 'H NMR (CDCI3)
Figure 4.8: 6 = 7.48 (s, 1 H), 7.07 (dd, 1 H, J = 3.579, 0.847 Hz). 6.42 (dd, 1 H, J = 1 .70
Hz) 5.63 (m. 2H, CH alkene), 5.00 (m, 1H), 2.4 - 1.4 ppm (m, 10H). I3C NMR 5 =
158.82, 146.43, 145.69, 130.28, 129.71, 1 17.87, 1 12.1 1, 34.18, 33.99, 25.96, 25.76,
25.19, 22.68. C 13H, 60 3 (218.1 g mol" 1 ) calc: C 70.89, H 7.32; found C 70.63. H 7.45.
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Figure 4.8 *H NMR spectrum of cyclooctene-5-furoate.
4.2.3.4 Synthesis of Norbornene-Imide-N-(4-Benzyl-Phenyl)Pyrrole-2,5-Dione (5)
A 100-mL round-bottom flask was charged with 30 mL CHC1 3 , 1,1'-
methylenedi-1 ,4-phenylene bismaleimide (3.00 g, 8.37 mmol), and cyclopentadiene
(0.240g, 3.6 mmol), freshly cracked by distillation of DCPD at 1 50 °C. The flask was
capped with a glass stopper and the solution was stirred at room temperature for 16 h.
Thin-layer chromatography of the reactant mixture in C^Ch/ethylacetate (93/7 v/v)
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revealed three spots. The solvent was removed by evaporation yielding a yellow solid.
The product mixture was separated by Hash column chromatography with siliea gel as
the stationary phase and ClTCl 2/ethyl acetate (93/7 v/v) as the mobile phase. The
solvent was removed by evaporation to yield 1 .38 g. 90.6%, of light yellow crystals as
the product. lH NMR (DMSO) Figure 4.9 A: 8 = 7.33 (t, 4HJ = 8.47 Hz, phenyl),
7.24 (d, 2 H, J= 8.23 Hz, phenyl), 7.17 (s, 2 H. imide), 7.02 (d, 2 H. J = 8.10 Hz,
phenyl). 6.21 (m. 2 H), 4.01 (s, benzyl), 3.47 (m, 2 H). 3.31 (m. 2 H. bridgehead), 1.59
ppm (s, 2 11). 'H NMR (CDCI3) Figure 4.9 B: 5 = 7.185 (6 H), 7.14 (d, 2 11, .1 = 8.41
Hz), 6.91 (s, 2 H), 6.25 (t, 2 H, J = 1.85 Hz), 4.01 (s, 2 H, benzylene), 3.45 (m, 2 H),
3.42 (m, 2 H, bridge head), 1.79 (dt, 1 H, J = 8.86 Hz), 1.59 ppm (d, 1 H, J = 8.68 Hz).
C26H 2oN 204 (424.5 g mol" 1 ) calc: C 73.57, H 4.75, N 6.60; found: C 71.54. 11 5.18. N
6.13.
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Figure 4.9 'H NMR spectrum of norbornene-imide-N-(4-Benzyl-phenyl)pyrrole-2,5-
dione in DMSO (top) and CDC1 3 (bottom).
4.2.3.5 Synthesis of IJ'-CMethylenedi-l^-Phenylene^N-Bisnorbornene-Imide
A 100-mL round-bottom flask was charged with 20 ml CHCI3, 1,1*-
methylenedi-1 ,4-phenylene bismaleimide (0.75 g, 2.09 mmol), and excess (4x)
cyclopentadiene (1.1 g, 16.7 mmol ), freshly cracked by distillation of DCPD at 150 °C.
The flask was equipped with a reflux condenser and the solution refluxed for 24 h. The
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solvent was evaporated and light orange solid was washed with hot ethyl acetate and
vacuum-dried. The procedure yielded 0.6378 g. 71.9%. lH NMR (CDC13), Figure 4.10
6 = 7.20 (d, 4 H, J - 8.27 Hz), 7.04 (d. 4 H, J = 8.27), 6.25 (t, 4 H, j= 1.71 Hz. alkene).
3.99 (s, 2 H, benzylene), 3.50 (m, 4 H), 3.42 (m, 4 H, bridgehead), 1.79 (dt, 2 H, J =
8.72 Hz), 1 .59 ppm (d, 2 H, J = 8.80 Hz).
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Figure 4.10 H NMR spectrum of l,r-(methylenedi-l,4-phenylene)-N-bisnorbornene-
imide.
4.2.3.6 Synthesis of Norbornene-9-Methylanthracene Carboxylate (6)
A dry 2-neck 1 00-mL round-bottom flask equipped with a reflux condenser and
magnetic stir bar was capped with septa and purged with N2. The apparatus was
charged with 25 mL dry degassed benzene, norbornenyl-2-carboxylic acid (1.00 mL.
0.886 g, 6.41 mmol) and thionyl chloride (0.95 mL, 1.55 g, 13.0 mmol) and refluxed for
139
2 h. The solvent and excess thionyl chloride was removed by vacuum distillation. The
clear viscous liquid was then taken up in 20 mL dry benzene and charged with a
solution of 9-methanol anthracene ( 1 .455 g, 6.42 mmol) in 10 ml. dry degassed benzene
and 1 mL pyridine. The solution was refluxed for 2 h after which a white precipitate
formed. The solution was cooled to room temperature and filtered. The solvent was
removed by evaporation leaving a yellow powder. The product was recrystallized from
methanol yielding 1.102 g, 52%, of yellow needles. !H NMR (CDC1 3 ), Figure 4.1 1 : 8 =
1
.2 -. 2.2 (4 1 1, norbornenyl), 2.89 - 3.13 (3 H, CH bridge head, 1 P-anthracene), 5.58 -
6. 1 9 (4 1 1, CH=CH, CH2), 7.49 - 7.60 (m, 4 H, H 2
,
H3
,
H6 , I l 7-anthracene), 8.05 (d, 2 H,
H4
,
ll
5
-anthraccne. J = 8.36 Hz), 8.33 (d, 2 H, H 1
,
H 8-anthracene, J = 8.66 Hz), 8.53
ppm (s, 1 II, 1 1 "'-anthracene). C23H20O2 (328.15 g mol"
1
) calc: C 84.12, 1 1 6.14; found:
C 83.87, II 6.30.
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Figure 4.1 1
] H NMR spectrum of norbornene-9-methylanthracene carboxylate.
4.3 Polymer Syntheses
As discussed previously, PCOE copolymers containing crosslinkable groups can
be synthesized by either ROIMP or ROMP employing catalyst G2. More concentrated
monomer solutions and N2 purging are required for ROIMP. Although COE is
polymerized by ROMP to high molecular weight, the concentration and purging
conditions are needed for ROIMP to promote cross metathesis with the diallyl
monomers. More dilute conditions are used for the ROMP ofCOE copolymerized with
the cycloolefin comonomers or Cp-POSS. Both methods require long polymerization
times to promote cross metathesis in order to convert the kinetically favored cis double
bonds to the thermodynamically more stable trans double bonds, thereby increasing
crystallinity. As opposed to PCOE homopolymer, in which crystallinity could be
tailored by the concentration of trans double bonds, the crystallinity of the PCOE
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copolymers will be interrupted by the comonomer, therefore requiring a higher percent
trans double bonds to promote crystallization. Additionally, longer polymerization
times help randomize the COE and comonomer units in the backbone. For example,
norbornenes polymerize faster than cyclooctenes because of the added ring strain. At
shorter polymerization times the polymer has a blocky nature in which the norborncnyl
groups are preferentially incorporated into the beginning of the polymer chain.
4,3.1 Synthesis of Polycyclooctenc Copolymers by ROIMP
4.3. 1 . 1 Experimental
Representative procedures for polymerization are as follows. A dry 100-mL
Kjeldahl flask with a magnetic stirring bar was capped with a septum and purged with
N 2 . The apparatus was charged with 1 mL cyclooctene, previously distilled over CalL,
16 mL CH2CI2, comonomer, and a 0.18 mM solution ofG2 in benzene to yield either a
5000: 1 or 1 000: 1 monomer to catalyst molar ratio. The apparatus was placed in a 40 °C
oil bath and rapidly stirred for the allotted time. Additional changes to the reaction
conditions are stated when appropriate. The polymerization was terminated by addition
of 1 mL of 5 vol %. ethyl vinylether in CH2CI2. To remove the catalyst, 1 mL of a 28%
solution (v/v) of trimethanol phosphine in isopropanol was added. After approximately
30 minutes of reaction, 25 mL of water was added, and the heterogeneous mixture was
allowed to stir for approximately an hour. The water and isopropanol solution was
decanted and the polymer was precipitated in cold methanol, filtered, washed with
additional methanol, and vacuum-dried. Removal of the catalysts is necessary lor the
DA copolymers since residual active catalyst can react with the DA product,
permanently crosslinking the copolymer. Gel permeation chromatography was
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iimns.
performed using a Polymer LabLC 1 120 I [PLC pump with a Waters differentia]
refractometer detector. The mobile phase was chloroform with a How rate of l ml
min* 1
.
Separations were performed using a sel of 103 and 102 A Polymer l ab col
Molecular weights were calibrated verses narrow molecular weight polystyrene
standards. I Hfferential scanning calorimetry was performed using a TA instruments
DSC.
4.3.1.2 Result of the KOI IMP of Diels-Alder and Anthracene Monomers
Polymerizations were performed under dilute conditions, 0.5 M with respect to
the total monomer concentration, similar to those reported for KOIMP." 'll NMR
analysis found that each comonomer could be inserted into polymer via a one-pot
synthesis. Tabic 4. 1
.
Comonomer incorporation was in agreement with the percentage
ofcomonomer in the feed. The melting points of the copolymers were in the range of
50 °C to 60 °C, which corresponds to a trans double bond content of 80%." The
molecular weights were in the range of 10 Kg mol" 1 20 Kg mol -1 with polydispersilies of
approximately 1.8. The molecular weights are lower than thai of the PCOE
homopol) mer standard, revealing that the diallyl monomer acted more as a chain
transfer agent than as an ADMHT monomer. In comparison to the alternating
diacrylate/olefin copolymers, the dilute conditions allowed for a high degree of
alternation in which conversion was also driven by the more favorable energy difference
between the acrylate and the 1,2-disubslituted a,p-unsaturated carbonyl.
More specifically, monomer 1 was copolymeri/ed with COE under two different
reaction conditions and comonomer concentrations. Polymer P2 was polymerized with
5 mol % I in 0.5 M CH2CI2 ;il 40 °C. Polymer P3 was copolymeri/ed with of 10 mol %
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was
1 in 8 M CHCI3 at 60 °C. For both polymerizations the expected incorporation of 1
attained, Figure 4.12. But, there was a remarkable difference in molecular weight.
Under the more concentrated conditions and at higher polymerization temperatures, the
molecular weight is increased fivefold. The diallyl monomer is incorporated into the
polymer as a comonomer and not as a chain transfer agent, yielding higher molecular
weight.
Although monomer 2 readily decomposed, an initial polymerization was
performed. Incorporation of monomer 2 was lower than expected. Similar results were
found for a duplicate run. Due to the untimely decomposition of the monomer, these
polymerizations were not investigated further. Although the catalyst G2 is tolerant of
amide functional groups, it is possible that the lone pair of the nitrogen of the amide
coordinated to the ruthenium, deactivating the catalyst. Only a small quantity of
monomer 3 was synthesized. Copolymerizations of 3 with cyclooctene reveal that the
expected incorporation is in fact attained. The molecular weights of the polymers were
higher than those of the other copolymers, largely because of the lower comonomer
concentration. This reinforces that fact that the diallyl monomers act chain transfer
agents. To attain higher molecular weights by ROIMP the concentration of the reaction
mixture would have to be increased.
Since ROMP occurs faster than ADMET, polymer modification was
investigated. PCOE, 120 kg mol" 1 , was dissolved in sufficient CHCI3 to make a 0.025 g
mL" 1 solution. The solution was reacted with 5 mol % 1 and G2. The molecular weight
was reduced to 80 kg mol"
1
with little change in the PDI and the polymer contained the
expected incorporation of diallyl monomer. Additionally, ADMFT macro monomer
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polymerization was preformed on a low molecular weight copolymer sample. Catalyst
G2 was added to a copolymer melt and allowed to react at 65 °C for 1 2 hours. In
comparison to the starting material, a high molecular weight shoulder was observed in
the GPC trace. While the peak molecular weight. 8.6 Kg mol" 1
.
remained unchanged,
the weight average molecular weight increased from 1 1 to 48 Kg mol" 1 revealing that
ADMET had occurred and the reaction conditions could be optimized for synthesis of
higher molecular weight polymers.
Designation PI P2 P3 P4 P5 P6
Comonomer r l b 2 M 3 b 3 b
Yield (%) 87 81 82 87 88 88
Feed (%) c 5.0 10.0 5.0 0.50 1.0
Content (%) d 4.7 9.1 2.84 0.5 1.7
MnCKgmor 1 ) 48.6 2.1 10.5 9.8 n.d. 25.6
MwflCgmor 1 ) 92.6 3.9 15.8 15.9 n.d. 42.1
PDI 1.9 1.8 1.5 1.6 n.d. 1.6
Tm (°C)
e
50.0 54.4 51.1 56.9 60.4 54.8
The monomer to catalyst molar ratio was 5000:1 in 0.5 M monomer solution
b
Reactions were preformed in 8 M CHC1 3 at 60 °C,
L Mole percentage of comonomer in feed.
d Mole percentage of comonomer in polymer as determined by l H NMR.
e
Melting temperature for the second run after quenching from 100 °C.
1
Duplicate runs showed similar results of low comonomer incorporation
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Figure 4.12 'H NMR for PCOE copolymer containing: (top) 10 mol % diallyl maleate,
(middle) 5 mol % diallyl maleate, and (bottom) PCOE homopolymer.
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4.3.2 Synthesis of Polycyclooctene Copolymers by ROMP
4.3.2.1 Experimental
.
Procedures similar to those for the synthesis of PCOE copolymers by ROIMP
were followed with the following exceptions. Dry and degassed CHC13 was used as the
polymerization solvent with a monomer concentration of 0.5 M and a monomer to
catalyst molar ratio of 5,000: 1
.
The polymerizations were run for 16 h at 60 °C. The
POSS copolymers were synthesized by similar conditions. Cp-POSS was purchased
from Hybrid Plastics and used as received. A total monomer to catalyst ratio of 1000:
1
was used. The polymerizations were quenched and the polymer was purified and
characterized as stated. Wide-angle X-ray analysis was performed as stated for
PDCPD-POSS copolymers, Chapter 3.1.4.
4.3.2.2 Result of ROMP of Diels-Alder and Anthracene Monomers
Both monomer 4 and 6 polymerized as expected. Table 4.2. The molecular
weights are higher than those of the ROIMP polymer since the cyclic comonomers do
not allow for chain transfer events. The melting points were generally between 50 and
60 °C. The origin of low melting point of the copolymer containing 1 mol % 6 is
unknown, but most likely due to decomposition of the catalyst before cross metathesis
occurred. Similar polymerizations were preformed with monomer 5. Yields are in
agreement with those for the copolymer 4 and 6, but the polymers are insoluble. Most
likely there is a l,r-(methylenedi-l,4-phenylene)-N-bisnorbornene-imide impurity in
the comonomer, chemically crosslinking the polymers during the reaction. It was
initially thought that bismaleimide could be mixed with the furan containing copolymers
without the need for attaching the maleimide functionality to the polymer backbone.
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This would also be beneficial since a small molecule would have a greater diffusion in
the polymer melt. But, this is not entirely true. After the bismaleimide reacts with one
furan group, diffusion is that of the polymer melt, and therefore, it would not enhance
the diffusion-controlled reaction kinetics. Additionally, the bismaleimide was found to
be insoluble in cyclooctene and 1-octene, and therefore was most likely insoluble in the
copolymer melt.
Designation P7 P8 P9 P10
Comonomer 4 4 6 6
Yield (%) 78 65 63 85
Feed (%)
a
1.0 4.8 0.98 4.7
Content (%) b 3.6 5.7 1.5 4.3
MnCKgrnol" 1 ) 70.3 217.9 173.7 136.1
Mw (Kg mof 1 ) 107.0 308.2 350.0 223.9
PDI 1.5 1.6 1.5 1.6
Tm (°C)
C
51.4 52.8 31.9 64.4
ratio was 5000:1 in 0.5 M monomer solution.
b Mole percentage of comonomer in polymer as determined by l H NMR.
Melting temperature for the second run after quenching from 100 °C.
4.3.2.3 Result of the ROMP of Cp-POSS
PCOE-POSS copolymerizations proceeded as expected. Results of the
copolymerizations are listed in Table 4.3 The percentages of POSS required in the
copolymer is a trade off between having enough POSS to form aggregates to physically
crosslink the polymer but not to interrupt crystallinity. ! H NMR analysis of the
copolymers reveals that the copolymers contain a higher percentage of POSS than the
feed ratio. Figure 4.1 3. This is caused by the higher reactivity of the norbornenyl
functionality of POSS versus cyclooctene. Within minutes of initiation of
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polymerization a highly viscous reaction mixture was formed. The increased viscosity
could hinder COE incorporation and exacerbate the amount ofPOSS in the copolymer.
Comonomer Pll P12 P13
Yield (%) 81 81 76
Feed (%) a 0.56/5 1.18/10 1.86/ 15
Content (%) h 1.25/10.5 2.22/17.4 2.92/21.8
Mn (Kg mol" 1 ) 114.5 143.5 128.4
Mw (Kg mol" 1 ) 186.9 246.9 220.3
PDI 1.6 1.7 1.7
Tm ("C)
c
A & m i 1 .
51.7 52.7 50.8
b
Mole/weight percent of Cp-POSS in polymer as determined by 'H NMR.
Melting temperature for the second run after quenching from 100 °C.
POSS incorporation did not substantially affect the crystallinity of the copolymers.
Each copolymer melted at approximately 5 1 °C. The melting temperatures are in
agreement with the 85% trans double bonds determined by quantitative 13C NMR.
Wide-angle X-ray diffraction spectra of copolymer films cast from CHC1 3 solution
reveal the extent of crystallinity and POSS aggregation. Figure 4.14. PCOE has intense
reflections at 21.4° and 25.1° 29 corresponding to ^/-spacing of 4.2 and 3.6 A for the 010
and 100/1 10 reflections of the triclinic crystal structure respectively.^ 5 The percent
crystallinity of PCOE homopolymer was determined to be 1 8%. At 1 7.4 wt % POSS
incorporation there is little evidence of POSS aggregation and the intensity of the PCOE
reflections have been greatly diminished over that of PCOE homopolymer to 4.27%
crystallinity. Only at 21 .8 wt % POSS content does POSS aggregation occur, as
observed by the 8.6° 29 reflection. The crystallinity was determined to be 3.9%. The
presence of POSS aggregates and PCOE crystals in the 21 .8 wt % POSS copolymer is
ideal.
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bFigure 4. 1 3
1
1 1 NMR spectra of PCOE-POSS copolymers containing (top) 21 .8,
(middle) 1 7.4, and (bottom) 10.5 wt % POSS.
The copolymer is ordered enough to be crosslinked by the POSS aggregates yet contains
sufficient PCOE crystals to maintain the secondary shape. The spectra also reveal that
the incorporation of POSS prohibits the formation of the monoclinie crystal structure,
only observed in the PCOK homopolymer as a weak reflection at 28.3° 20 and a il-
Spacing of 3.2 A. This is in opposition to the results for peroxide crosslinked PCOli in
which the formation of the monoclinie crystal structure was enhanced by the chain
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confinement caused by crosslinking. 55 This is not detrimental for shape memory
polymer since a large percentage of trielimc structure is still present.
5 10 15 20 25 30 35 40
26
Figure 4. 1 4 Wide-angle X-ray spectra of PCOE-POSS copolymers (a) 2 1 .8 (b) and 1 7.4
wt % and (c) PCOE homopolymer.
4.3.3 Conclusions
Both G2 catalyzed ROIMP and ROMP methodologies produced PCOE
copolymers containing functional groups able to reversibly or physical crosslink PCOE.
Diallyl functionalized monomers able to undergo cycloaddition via a Diels-Alder
mechanism or photodimerization were synthesized by ROIMP. These monomers are
inserted into the backbone of polycyclooctene via ADMET polymerization in a one-pot
synthesis. All three monomers are incorporated into the polymer at loadings governed
by the monomer feed. Over the range of polymerization conditions the trans double
bond content affords a melting point of 55 °C on average. Under dilute conditions the
polymers have low molecular weights and high polydispersities, revealing that the
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comonomer acts as a chain transfer agent. Higher molecular weights were attained
when the concentration of the reactants and polymerization temperature were increased.
The molecular weights of the ROIMP polymers were lower than those prepared by
ROMP. The comonomer content of the ROMP copolymers was similar to that of the
feed. The long polymerization times afforded high degrees of trans double bonds
(80%), yielding melting temperatures similar to PCOE homopolymer. Additionally,
PCOE-POSS copolymers were synthesized by ROMP. Only at 21 .8 wt % Cp-POSS
incorporation did the copolymer contain the POSS aggregates and PCOE crystals
required for a SMP.
4.4 Characterization of PCOE Shape Memory Polymers
The focus of this work was to investigate the utility of reversible chemical
crosslinks or physical crosslinks in preparing a SMP. A thermoplastic SMP is prepared
through incorporation of reversible or physical crosslinks. The Diels-Alder substitutent
containing PCOE copolymers are thermally crosslinked and decrosslinked by the choice
of processing temperatures. Figure 4. 1 5 A. Comparatively, anthracene containing
PCOE copolymers are crosslinked and decrosslinked by irradiation with ultraviolet
light. Figure 4.15 B. Finally, the POSS containing PCOE copolymers are physically
crosslinked by POSS aggregates. An understanding of how these crosslinks effect a
simple SMP based on PCOE will allow for a greater understanding of more complex
shape memory polymers, such as liquid crystalline elastomer actuators.
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Figure 4.15 Reaction schemes for DA crosslinking reaction of (A) PCOE copolymers
and (B) the photodimerization of anthracene PCOE copolymers.
4.4.1 Properties of Processable PCOE Based Shape Memory Polymers
4.4.1.1 Experimental
Polymer samples for analysis of the shape memory properties were prepared by
either melt pressing 0.8 mm thick films or solution casting 30 urn films. For the Diels-
Alder polymers, the required mass of polymer for a 1 : 1 molar ratio of diene to
dienophile were dissolved in CHC1 3 to form approximately a 5 wt % solution.
Additionally. 1% by mass of ter/-butylhydroquinone was added to the solution to ensure
oxidative crosslinking did not occur. For the melt pressed films, the polymer was
precipitated with methanol, filtered, and vacuum-dried. The polymer was then placed in
a mold and melt pressed at 150 °C and 20,000 psi. After one hour, the press was
quenched to 50 °C, the mold was removed from the press, clamped with C-clamps, and
placed in a 75 °C oven for 1 week. For the solution cast films, the polymer solutions
were poured into PTFE breakers and the solvent was allowed to evaporate. Once the
solvent had evaporated, the breakers were placed in a 75 °C oven for 1 week. PCOE
homopolymer was crosslinked with 5 wt % dicumyl peroxide. The peroxide and
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polymer were dissolved in CH2C1 2 and the solvent was allowed to evaporate. The
polymer was then placed in the mold and melt pressed at 150 °C for one hour.
Crosslinking was confirmed by measuring the solubility of the samples after one week
in room temperature CHCI3 and 70 °C toluene. The decrosslinking reaction was
analyzed by dissolving in 140 °C mesitylene and 140 °C 1,2,4-trichlorobenzene.
Insoluble samples were analyzed by TMA experiments with an applied constant force of
0.005 N. Images of the shape memory effect were recorded with a Panasonic KR222
digital camera on a Zeiss Stemi 2000C stereoscope and a Canon Power Shot A80 digital
camera.
4.4.1.2 PCOE Crosslinked by Diels-Alder Cycloaddition
Polymer films of mixtures of copolymers P2, P3, P7. and P8 were processed by
melt 'pressing and one reference sample was processed by solution casting, Table 4.4.
After heating the samples at 75 °C for one week, only two of the samples were
crosslinked. After 48 h in refluxing toluene (1 10 °C) the crosslinked polymer samples
were still intact. After 24 h at 140 °C in mesitylene the crosslinked polymer samples
fully dissolved. This reveals that at 140 °C the rDA reaction occurred, allowing the
polymer to fully dissolve. The faster rate of rDA, as compared to crosslinking, is due to
the greater diffusion of the polymer chains. Surprisingly, the copolymer mixtures with
the greatest mole percent of DA moieties were not crosslinked. These observations are
attributed to the slow reaction kinetics. To increase the reaction kinetics, either longer
polymerization times or higher concentrations of comonomer incorporation are required.
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Solubility of processed PCOE copolymers with Diels-Alder functional
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r3, 17 Melt Press ves ....
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P3, P7 Solution Cast no 760 ves
PCOE-X a Melt Press no 640 no
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PC01 ': homopolymer crosslinked with 5 wt % dicumyl peroxide.
Uncrosslinked PCOE homopolymer.
Hie Diels-Alder crosslinked copolymers showed a shape memory effect similar
to peroxide crosslinked PCOE. These copolymers contained sufficient degrees of
crystallinity to maintain the secondary shape once cooled to mom temperature and
enough crosslinks to allow the parent shape to be recovered on heating above Tm . The
shape memory nature was also observed in TMA, Figure 4. 1 6. For each copolymer, a
rectangular sample was melted and linearly strained 25 - 30%. The strained shape was
maintained while the sample was cooled in ice water. As the sample was heated a small
increase in strain 2%) because of thermal expansion was observed. Once the
temperature reached Tm a sharp decrease in strain was observed as the unstrained parent
shape was recovered. For each of the samples, even the peroxide crosslinked
copolymer, there was approximately a 3% hysteresis. This shows that although the
samples are crosslinked, the deformation is not fully elastic, with about 3% plastic
deformation.
A shape memory effect was also observed for uncrosslinked l'( '( )F. While the
polymer is fully soluble, chain entanglements act as physical crosslinks. This type of
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phenomenon has been observed for high molecular weight polynorbornene. 106 [f the
polymer is not plastically deformed, chain entanglements will maintain the parent shape.
The main difference occurred after the parent shape was recovered. As mentioned,
above 65 °C the crosslinked samples maintained a constant length about 3% greater than
the original length. Above 65 °C uncrosslinked PCOE started to draw, as observed by
the increase in strain. This result reveals that PCOE was not plastically deformed
during the original straining, but after the parent shape was recovered, continued heating
allowed the chains to disentangle and draw.
30 40 50 60 70
Temperature (°C)
Figure 4.16 Thermal contraction of PCOE after straining above Tm : (a) P3, P7, (b)
PCOE-X, (c) PCOE, (d) P2, P7.
4.4.1.3 PCOE Crosslinked by Anthracene Photodimerization
The solubility of the anthracene copolymer P10 was analyzed after processing by
melt pressing and solution casting. It was found that the polymer was insoluble in
CHC1 3 , 70 °C toluene, and 140 °C mesitylene. In CHC13 the copolymer swelled 950%.
The swelling is greater than crosslinked PCOE copolymers, revealing that crosslink
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density is very low. It was also determined that the after a few weeks of storage the
unprocessed copolymer contained a large insoluble fraction. The exact cause of the
crosslinking is unknown. However, PCOE homopolymer stored and processed under
similar conditions remained soluble. Therefore, it was determined that the crosslinking
was caused by the anthracene moiety. The most likely explanation is reaction of the
anthracene moiety with molecular oxygen, promoting oxidative crosslinking.99,107
Antioxidant was not added to the anthracene polymers for fear of interrupting the
photodimerization.
Although the crosslinking was not imparted by anthracene dimerizatiion, a
memory effect was apparent. TMA analysis of the sample strained 50% showed that a
maximum of 37% of the original length was regained on heating. Photographs of the
sample reverting to the original shape support this data. As before, a rectangular sample
was bent into a U-shape while above Tm . After crystallization, the secondary shape
persisted. Upon heat above Tm , the parent shape was not fully attained, Figure 4.1 7.
The low crosslink density allowed the polymer chains to move in melt, altering the
parent shape.
Time ~ 0 s Time ~ 0.3 s Time ~ 0.7 s Time - 1 s
Figure 4. 1 7 Images of copolymer P10 SMP reverting to the parent shape at 70 °C
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4.4.1.4 PCOE Crosslinked by POSS Aggregates
For PCOE-POSS copolymer to behave as a SMP. there must be a balance
between the crystallinity and extent of POSS aggregation. From the DSC and WAX1)
analysis it was determined that only the 21 .8 wt % POSS copolymer contained the
necessary PCOE crystallinity and POSS aggregation. As with the chemically
crosslinked copolymers, the secondary shape persisted after cooling below Tm . On
heating above Tm the parent shape was recovered to 5% strain. Figure 4.18. This shows
that with adequate levels of POSS aggregation and PCOE crystallization, a SMP ean be
prepared. One drawback of POSS physical crosslinks is the possibility of plastic
deformation at higher strains. In these experiments the strain was kept below 20%. At
higher strains and temperatures, it is possible that the Van der Waals forces holding the
POSS aggregate together may be overcome, causing plastic deformation. In comparison
to the reversible crosslinks, the slow kinetics of crosslinking is not an issue.
Additionally, POSS physical crosslinks offer a relatively easy method of changing the
parent shape by dissolving in CHC13 .
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Figure 4. 1 8 Shape recovery of PCOE-POSS copolymer (21.8 wt %) as observed in
TMA and photographs.
4.4.2 Conclusions
.
Reversibly crosslinked and PCOE based copolymers were prepared by annealing
melt pressed or solution cast films at 75 °C for one week. Less than half of the
processed DA samples were found to be crosslinked. The crosslinked samples
dissolved in 140 °C mesitylene because of the rDA reaction. The low level of
crosslinking was caused by the slow reaction kinetics, governed by the melt viscosity of
the copolymer. The anthracene copolymers were not characterized for reversible
crosslinking since irreversible crosslinking occurred during processing. It is believed
that more stringent conditions to eliminate oxygen from the polymer would have to be
utilized. Analysis of the crosslinked DA samples revealed that PCOE undergoes about
3% plastic deformation. Additionally, uncrosslinked PCOE shows some shape memory
properties due to chain entanglements. However, at higher temperatures the polymer
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chains start to disentangle and the polymer melt starts to How. The main drawback of
the DA system is the long polymerization time required lor erosslinking to occur. The
reaction kinetics are hindered by the low concentration of the DA moieties and the high
viscosity of the polymer melt. A possible solution would be to increase the
coneentration of the DA moieties in the copolymer, but at the expense of crystal 1 inity.
Finally, PCOE-POSS copolymer was analyzed as a physically crosslinked shape
memory polymer. Only the 2 1 .8 wt % POSS copolymer contained the required POSS
aggregates and PCOE crystals. The POSS copolymer displayed similar shape memory
properties to chemically crosslinked PCOE copolymers. One advantage of this system
is the fact that the copolymers can be easily processed without the need for long
polymerization times.
4.5 Liquid Crystalline Elastomers
In a complementary study, main chain liquid crystalline polymers for use as
liquid crystalline elastomers (LCE) were prepared in collaboration with Dr. Mather and
Mr. I laihu Qin at the University of Connecticut. LCEs have an advantage over SMPs
such that they can be thermally actuated by the volume change induced during the
pneumatic-isotropic transition. Liquid crystals with terminal 1-pentene units were
polymerized by ADMET polymerization by catalysts Gl, G2, and a G2 analogue,
tricyclohexylphosphine[l,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene] benzylidenc
ruthenium (IV) dichloride, Figure 4.19. The residual unsaturations in the backbone
allow for erosslinking via a radical generator. This is the first reported synthesis of a
main chain liquid crystalline polymer synthesized by ADMET. The main focus of this
research was on the synthetic conditions and polymer characterization. It was
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determined that the properties of the polymer were dependent not only on the eis/trans
ratio of the backbone ^saturations, but also on the extent of a know isomerization
reaction that causes the loss of propylene instead of ethylene.2108 The loss of propylene
imparted an even-odd effect that reduced the nematic-isotropic transition temperature. 109
Isomerization was dependent on the catalyst used and can therefore be utilized to tailor
the properties of the liquid crystalline polymer. Complete details are published
Macromolecules.
G2
+ H 2C=CH 2
Figure 4.19 Reaction scheme for ADMET polymerization of liquid crystalline
monomer.
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CHAPTER 5
SUMMARY
This research has focused on ruthenium catalyzed ring-opening metathesis
'
polymerizations to prepare crosslinked polymers. The f unctional group tolerance of the
ruthenium catalysts allows polymerizations to be performed under ambient conditions,
and Copolymerizations of a diverse group of functionalized monomers. Specifically,
these catalysis allow for the ROMP of PDCPD-POSS copolymers and PCOE
copolymers containing ethers, esters, or amides that allow for reversible crosslinking.
The synthetic and instrumental concepts put forth are of importance to the scientific
community.
5.1 Ultrasonic Spectroscopy of the ROMP of Dicyclopentadiene
To be able to use DCPD as a matrix material for the formation of POSS
nanocomposites, the polymerization kinetics of DCPD needed to be address. Ultrasonic
spectroscopy offers a number of advantages over other techniques for analyzing the
reaction kinetics of thermosets. By designing a reaction cell with a PET film window
for use in pulse echo ultrasonic spectroscopy, the changes in thickness, density, velocity,
and modulus were accurately measured in situ. Previous literature work, has assumed
that the densification, and therefore changes in thickness, were negligible, imparting a
small degree of error. This cell accounts for that error and allows for nondestructive
measurements of the physical and mechanical properties of the curing reactants. The
ultrasonic data can also be used to calculate the rate constants and activation parameters
of the crosslinking reaction. Additionally, the attenuation of the acoustic wave
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transmitted through the sample can be used monitor not only reaction kinetics, but also
more importantly, viscoelasticity.
Ultrasonic spectroscopy was more than sufficient for use in determining reaction
kinetics and allowing for analysis of PDCPD copolymerizations. However, the
technique could be further developed for scientific measurements and industrial utility.
Ultrasound could be used to further probe the viscoelasticity of a curing resin. For
instance, shear waves could be used in conjunction with longitudinal waves. Not only
would this allow for more in depth measurements of the mechanical properties, such as
shear modulus, bulk modulus, and Poissoifs ratio, but the gel point could also be
defined in terms of shear wave attenuation and accurately and reproducibly determined.
Since only solids support shear waves, the gel point is the point at which the shear wave
is transmitted by the reactants. For industrial applications, ultrasonic spectroscopy
could be further developed for monitoring cure during reaction injection molding,
similar to the rotational RIM system previously mentioned.
5.2 Polydicyclopentadiene-co-POSS Thermosets
Polydicyclopentadiene-co-POSS thermosets were polymerized by ruthenium
catalyzed ROMP. Ultrasonic spectroscopy revealed that POSS had little effect on the
polymerization rate. By changing the organic periphery and the number of functional
groups on the POSS monomer, the effects of POSS on the morphology, and physical
and mechanical properties of PDCPD were addressed. It was determined that both the
organic periphery and the functionality could be used to control morphology. In terms
of organic periphery, the less soluble or compatible POSS monomers, such as Ph-POSS.
have a greater tendency to aggregate than the more soluble and compatible monomers,
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such as Cp-POSS. The number of functional groups can also control the extent of
aggregation. By increasing the number of reactive functionalities, aggregation is
suppressed. An unfunctionalized POSS freely phase separates from the matrix while
aggregation of a functionalized POSS is suppressed by covalent attachment to the
matrix. It was found that the thermal and mechanical enhancements imparted by POSS
for other polymers are not characteristic of PDCPD-POSS. For instance, POSS
monomers are less thermally robust than PDCPD homopolymer. Since the copolymer is
only as stable as the weakest component, a decrease in the thermal oxidative stability is
observed for the copolymers. In terms of mechanical properties, even though 1NB-
POSS decreased crosslink density, and 3NB-POSS increased crosslink density, a similar
decrease in strength, stiffness, and toughness were observed for both 1NB-POSS and
3NB-POSS copolymers. It was determined that POSS decreased the cohesive strength
of the matrix and acted more as a conventional plasticizer, increasing segmental
mobility, than an inorganic modifier, such as clay, that decreases segmental mobility.
One possible solution to achieve mechanical enhancement may be to uniformly place
the norbornenyl functionalities around the POSS cube. This would allow the matrix to
react to the POSS cube on all sides, thus uniformly increasing covalent attachment, and
therefore increasing load transfer between POSS and the matrix. Although POSS does
not enhance the properties of PDCPD yielding a stronger and more robust material, this
data is of great importance. Although there are many copolymers where POSS is found
to be reinforcing, the effects vary for each specific copolymer and cannot necessarily be
predicted.
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A property ofPDCPD that was enhanced by POSS incorporation was the
dielectric constant. By copolymerizing POSS into the PDCPD matrix, the dielectric
constant was reduced. It was determined that the reduction in k was due to the
decreased polarizability of the POSS monomer. A further reduction in k can be
achieved by thermally decomposing POSS. Since PDGPD is more thermally stable than
POSS, POSS can be selectively decomposed, yielding a material with greater free
volume or nanopores. This methodology essentially reverses current methods of
making nanoporous materials in which an organic porogen is decomposed in an
inorganic matrix. POSS decomposition could impart even greater enhancements in
polyimide copolymers that are more suitable for semiconductor applications than
PDCPD.
5.3 Polycyclooctene Shape Memory Polymers
Ruthenium catalyzed ROMP, and ROIMP, were used to synthesize
polycyclooctene copolymers for shape memory applications. Copolymers containing
Diels-Alder and anthracene monomers for cycloaddition crosslinking were synthesized
by both metathesis methodologies. Comparison of the two polymerizations revealed
that the molecular weight of the polymers synthesized by ROIMP were much lower than
that of the ROMP polymers. The ROIMP comonomers acted more as chain transfer
agents than comonomers, thus decreasing the molecular weight and increasing PDI. In
terms of reversible crosslinking, the Diels-Alder cycloaddition reactions did in fact
crosslink PCOE, but at a very slow rate. To make the reaction more feasible, a higher
concentration of more reactive Diels-Alder monomers, such as maleimides instead of
maleates, would have to be utilized. However the increased comonomer content would
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be at the expense of polymer crystallinity, thereby decreasing the ability of the
copolymer to maintain the secondary shape. For the anthracene copolymers, it
determined that greater care and precaution needed to be taken in order to prevent
irreversible oxidative crosslinking. The anthracene photodimerization was of great
interest since it would allow the crosslinking to be performed over a wide range of
temperatures. For example, polymers containing a specific morphology could be
crosslinked without having to specifically tailor a DA reaction compatible with the
thermal requirements of the morphology. Finally, it was found that POSS aggregates
act as physical crosslinks. The POSS copolymers are of importance since the physical
crosslinking aggregates are formed during processing and are not hindered by the
polymerization temperatures or long polymerization times as are the cycloaddition
reactions. In general these PCOE copolymers show that reversible reactions and POSS
can be used in more complex shape memory polymers to maintain the parent shape yet
allow for processability. For instance, these functionalities could be incorporated into
liquid crystal elastomers to make a polymer actuator that could be easily processed.
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APPfNDIX
MANIFOLD DESIGN FOR THE MANIPULATION OF ETHY1 ENE AND
PROPYLENE FOR INERT ATMOSPIIHRf POLYMERIZATIONS
The recent and remarkable advances in metathesis catalysis, have been
accompanied by similar advances in homogeneous organometallic catalyst systems lor
the coordination polymerization Of Olefins. 111 As opposed to the bench-top metathesis
polymerizations of common liquid monomers, studies involving gaseous olefin
monomers, such as ethylene and propylene, are usually performed at elevated pressures
in commercially available stainless steel apparatus or in glass reaction vessels." 2 The
procedure typically involves loading the reactor with catalyst, cocatalyst (if required),
and solvent generally under inert atmosphere conditions and then pressurizing with
monomer. To facilitate transport of gaseous monomers, specifically ethylene or
propylene, to the reaction vessel, a gas manifold was designed and constructed."
1
The
entire system is composed of three portions; the tank farm for monomer storage, a
manifold to transfer the gas, and the reaction vessels for sequential polymerizations.
Procedures for safely using heavy-walled glass vessels for polymerization screening at
pressures ranging from 15-80 psig are described.
A.l Equipment Description
A. 1.1 Tank Farm
A representative diagram for the tank farm is shown in figure A. 1 . A detailed
listing of the quantity, part number and manufacturer for all materials needed to
construct the manifold can be found in the supporting information of reference I 13.
The pressure regulators are attached to the wall and connected to the gas cylinders,
containing high purity ethylene, propylene, or nitrogen, via flexible stainless steel
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tubing. A purge valve is placed after the regulator in order to shut off the supply line to
the manifold and purge the regulator after replacing a cylinder. The purged gas is
vented to a hood through plastic tubing. Columns of molecular sieves and Q-5 oxygen
scavenger are placed in line to remove any residual water and oxygen impurities.
Convenient, pre-packed and activated columns are used and replaced as required by the
visual indicator in the molecular sieve column. To maintain tank purity and laboratory
safety, check valves and flash arrestors (for the ethylene and propylene lines) are placed
after the columns. The location of the flash arrester was chosen to protect the tank farm
from a flash occurring at the reaction vessel. Additionally, a second Hash arrestor can
be placed between the regulator and purge valve to protect against a flash occurring
within the tank farm system. Flexible l/4" OD stainless steel tubing is used to connect
the flash arrestor to the manifold. All items have brass lAn female normal pipe thread
(NPT) fittings and are connected with %" outer diameter (OD) copper tubing with brass
male connectors, unless otherwise noted.
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Figure A. 1 Tank farm schematic for a single monomer line of either ethyl,
propylene. The nitrogen line schematic is similar with the exception of the lack of the
flash arrestor.
A. 1.2 Manifold
A full diagram for the manifold is shown in Figure A.2. The entire manifold is
assembled on a 1 .5' x 4* x 1/4" sheet of rolled aluminum in which 2" diameter holes for
the compound pressure gauges (160 psig - 30 mmHg) and 3/4 " diameter holes for the
ball valves have been drilled. All transfer lines are lA" OD flexible copper tubing and
all fittings are brass Swagelok or NPT. The gauges and valves are mounted to the
faceplate with the plumbing on the backside. The pressure gauges and pressure relief
valves (PRV) have !4" male NPT fittings and are placed in line with female branch tees.
Copper tubing was bent, cut to length, and attached via Swagelok fittings. The manifold
was fully constructed and tested for leaks by pressurizing with N2 , and monitoring for a
pressure drop over a 24 h period. The manifold was mounted in a hood via lab feet
bolted on the corners and the middle of the faceplate. Additionally, the manifold is
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stabilized with horizontal legs attached directly behind the plate, which also form a
lattice to support the reaction vessels.
The tank farm is connected to the manifold by flexible stainless steel tubing
placed through the side panel in the hood and connects to a master on/off ball valve on
the manifold lines. Each of the gas mains has pressure gauges and a PRV set at 80 psig.
Additionally the two-monomer mains are connected via a three-way ball valve to the
vacuum line to allow for purging the gas mains at initial setup and in the event of
contamination. The N 2 line is equipped with an on/off ball valve to purge the line to the
hood in case of contamination. These valves are placed well behind the faceplate to
avoid accidental opening and evacuation of the supply cylinder. The N 2 and vacuum
lines are connected to the first set of three-way-ball valves (purge valves) via union tees.
The purge valves are then connected to the right side of the lower set of three-way ball
valves (monomer valves). The monomer valves are connected on the left to the
respective monomer supply line. Finally, copper tubing is used to connect an in-line
pressure gauge and pressure relief valve with the reaction vessel. Flexible 1 8" x lA" OD
stainless steel tubing is used to attach the manifold assembly to the reaction vessel.
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Reaction vessel connections
T T Joint OX] On/off ball valve 3-Way ball valve
O Compound pressure gauge | Pressure relief valve
Figure A.2 Manifold schematic, the ball valves and compound pressure gauges are
mounted in the faceplate with the plumbing being behind the plate.
A. 1.3 Reaction Vessels
Heavy walled glass reaction vessel assemblies are suitable for reactions
conducted in a sequential fashion and are rated to 100 psig, Figure A. 3. Additionally,
mesh metal sleeves are used to shield the vessel in case of explosion and the use of a
portable blast shield is recommend whenever working at elevated pressures. The small
reaction vessel has a 70 mL working volume and can be agitated via a magnetic stir bar.
An on/off ball valve, or quick connect, is attached to the factory coupling assembly via a
1/8" NPT male adaptor. The large reaction vessel has a working volume of
approximately 300 mL. This reaction vessel can be used with the coupling for the small
reaction vessel, or a stainless steel coupling designed for manual agitation and contains
multiple ports for reagent additions.
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Stainless steel double-ended cylinders, with an internal volume of 10, 25, or 50
«lL, on which 2-way ball valves with Swagelok fittings are attached, can be used for
liquid reagent additions. Figure A.3. The cylinder can be attached to the top of the
small vessel or to the additional ports on the large vessel coupling. This allows for
.
greater flexibility in reaelion design.
Small Reaction Vessel Large Reaction Vessel Addition Cylinder
2-Way ball
valves
4 Coupling
assemblies
Magnetic stir
— bar
Mechanical
stirrer
Figure A. 3 Diagram of the small and large heavy walled glass reaction vessels and an
addition cylinder. The ball valve on the reactor fittings can be replaced with a self-
sealing quick connect stem.
A.2 Experimental Procedures
The reaction vessels can be connected to the manifold line via self sealing quick
connects or on/off ball valves. The body of the quick connect is attached to the
manifold line and the mating stem to the reaction vessel. The reaction vessel is charged
with reagents and assembled in an inert atmosphere glove box. Since the quick
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connects open on coupling, the line must be purged before attachment. To purge the
manifold line, the monomer valve is turned to the purge position (i.e. the right-hand side
of the ball valve) and then the purge valve is alternated between evacuation and N 2
refill. Once the line has been sufficiently purged and left under vacuum, the monomer
valve can be switched to the monomer supply position and the reaction vessel attached.
If on/off ball valves are used, the valve is attached to the reaction vessel in the glove
box and then attached to the manifold line via Swagelok fittings. The line must then be
purged as previously mentioned before the reaction vessel is opened to the monomer
supply.
The small reaction vessel is ideal for quickly assessing catalyst activity, in which
the solvent, catalyst, and cocatalyst are added to the vessel in the glove box.
Additionally if desired, comonomer can be added by attaching a sample cylinder to the
vessel coupling. The reaction vessel is charged with monomer and comonomer, in the
case of copolymerizations, once connected to the manifold. Temperature and agitation
control can be maintained using an oil bath and stirring hot plate.
The large reaction vessel allows for more sophisticated catalyst screenings,
mainly by control over the order of reagent additions. Normally solvent and
comonomer are added to the vessel in the glove box. Solutions of diluted catalyst and
cocatalyst are placed in a sample cylinder and attached to a port on the vessel coupling.
The vessel is then removed from the glove box and attached to the manifold with a ball
valve or quick connect (following purging procedures). The vessel is pressurized with
monomer and the catalyst solution is injected by pressurizing the cylinder with nitrogen
and opening it to the vessel. An equal, or greater, nitrogen pressure must be used to
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overcome the vapor locking that occurs in (he ball valve. Additionally, the stirring rale
is controlled with a mechanical stirrer attached to the coupling assembly.
A.3 Discussion
Polymerization protocols demonstrating the utility of the manifold design with
the small and large glass reaction vessels are described. Ethylene was polymerized in
the small vessel at 80 °C using t-butylamido dimethylsilyltetramethyl-
cyclopentadienyltitanium dichloride with toluene as the solvent. Table A. 1 . The
reaction produced 1 .42 g of polyethylene of Mw 1 .63* 1
0
5
in 5 minutes with an activity
of 343 kg IT
1
mol'
1
psig
1
.
It was observed that using the large reaction vessel with
mechanical stirring dramatically increased activity fourfold to 1328 kg h* 1 mol 1
psig'and yielded 5.20 g of polyethylene of Mw 3.8x10 s . A similar trend of increased
activity and molecular weight was observed in the case of propylene polymerization
using rac--ethylenebis(indenyl)zirconium dichloride conducted in the small and the large
vessels. These example polymerizations demonstrate the ease, reliability, and utility of
the manifold system for use in coordination polymerization of gaseous monomers.
Vessel Small Large Small 1 ,arge
Monomer Ethylene 3 Ethylene 8 Propylene h Propylene 11
Toluene (ml
.) 20 250 70 250
MAO/Monomer c 5414 5414 430 425
Time (min) 5 7 60 120
Temperature (°C) 80 80 23 23
Activity
(Kg mol" 1 IT 1 psi" 1 ) 343 1328 1229 2432
Yield (g) 1.42 5.20 8.51 68.71
Mw x 1
0" 5
1 .63 3.80 1.01 6.14
PD1 2.48 1.77 2.02 2.17
a
Ethylene pressure of 60 psig.
Propylene pressure of 44 psig
c MAO is 30% Al in toluene.
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